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Poor indoor air quality in schools is associated with diminished learning, health 
risks to students and staff, and economic costs.  This dissertation reports findings from 
the Texas Elementary School Indoor Air Study (TESIAS).  The objective of this 
investigation is to establish a baseline for indoor environmental parameters.  The 
investigation selected 30 elementary schools from 2 school districts.  One school district 
was located along the Texas/Mexico border in a hot-humid climate region.  The other 
school district was located in central Texas in a mixed-humid climate region. Phase I of 
the study was a questionnaire completed by 1336 teachers and other school staff.   Phase 
II of the study collected both qualitative and quantitative data in 120 classrooms 
including continuous monitoring of comfort parameters (carbon monoxide, carbon 
dioxide, temperature, and relative humidity).  Phase III collected more in-depth 
quantitative data, including fungi and bacteria concentrations, in 12 classrooms. This 
 vii 
dissertation investigates potential differences in the study data between school districts 
and between portable and traditional classrooms. 
The two major findings of this study concern water leakage from roofs and 
inadequate ventilation.  Roof leaks were the highest reported source of water incursion 
and correlated with health symptoms.  Free-standing small footprint classrooms had 
fewer roof and wall leaks than traditional classrooms.  The simple low pitch roof design 
and sufficient overhangs typically found on the small footprint buildings studied likely 
result in less reported roof leaks.  The measured carbon dioxide concentrations (both 
average and peak values) were well in excess of the recommended maximums and fewer 
than 15% of the classrooms met the recommended maximum concentrations.  Relatively 
higher CO2 concentrations and relative humidity in the border school district were 
attributed to a greater frequency of blocked outdoor air intakes.  Further investigation of 
novel HVAC systems, such as low velocity displacement ventilation, is needed.  
Ultimately, this study enables the development of best practices for school design for 
improved indoor air quality. 
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 Chapter 1:  Introduction 
 
This dissertation is the culmination of an investigation entitled Texas Elementary 
School Indoor Air Study (TESIAS).  The purpose is to explore the interaction between 
the built environment and indoor air quality in Texas elementary schools. The 
investigation intends to establish a baseline for indoor air quality in Texas schools.  
1.1 PROBLEM STATEMENT 
Indoor Air Quality (IAQ) is a topic that received a great deal of attention in recent 
years, especially in Texas.  The media gave considerable attention to the IAQ problems at 
nine schools in the Austin Independent School District alone.  The most notable IAQ 
problem found at both Hill Elementary and Maplewood Elementary schools was the 
presence of molds Stachybotrys atra and Aspergillus versicolor (Smith 2002b).  
Subsequently, the Austin Independent School District (AISD) passed a $49.3 million 
health and safety bond that included $18.6 million for mold remediation projects at 8 
schools.  The remainder of the money was allocated to another 81 schools for water 
intrusion repairs (Smith 2002a).  Stachybotrys atra and Aspergillus versicolor molds 
were also reported in an investigation of a school in a Midwest river community, 
demonstrating that similar IAQ problems are present in other regions of the United States 
(Ajayi and Latko 2000).  In a 1995 nationwide assessment of school facilities, 19 percent 
of U.S. schools reported IAQ problems (U.S. General Accounting Office 1995). In 
California, IAQ problems are now the most common complaint of school staff regarding 
their classroom facilities (Daisey et al. 2003b).  While the average person may have little 
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awareness of IAQ issues compared to other environmental factors receiving greater 
attention, the impact of IAQ on their lives is potentially much greater.  The average 
person spends approximately 90 percent of their time indoors (U.S. Environmental 
Protection Agency 1987). Children spend approximately 7,000 hours in classroom 
environments from kindergarten through grade 5 (Corsi et al. 2002). These environments 
expose children to many contaminants and biological agents that can potentially affect 
their learning performance and personal health.  Similar concerns occur for teachers and 
staff occupying the same environments. 
1.2 PURPOSE AND SCOPE OF STUDY: TESIAS 
The objective of the study was to gather data concerning the indoor environments 
of elementary schools.  The study design was explorative in nature and intends to 
establish a baseline for indoor environmental parameters and catalogue characteristics of 
elementary schools.  Data were collected from elementary schools only in two Texas 
school districts during the 2000/2001 school year (September 2000 – May 2001). The 
investigation included both portable and traditional classrooms. The TESIAS study 
conducted the research in three phases.  Phase I of the study sent out questionnaires to 
each faculty/staff member in each of 30 elementary schools randomly selected from two 
school districts in the State of Texas.  One school district was located along the 
Texas/Mexico border and one was located in central Texas.  Phase II of the study 
collected both qualitative and quantitative data in school classrooms.  Phase III gathered 
more in-depth quantitative data in a smaller sample of classrooms. The Texas Higher 
Education Coordinating board funded the TESIAS study and the Texas Institute for the 
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Indoor Environment and the Center for Energy and Environmental Resources at the 
University of Texas at Austin performed the research.   
1.3 OBJECTIVES OF DISSERTATION 
The focus of the proposed dissertation is to study the impact of construction 
industry practices on indoor air quality in Texas public elementary schools.  The intent of 
this dissertation is two-fold:  
1) Establish baseline conditions for the indoor environment of Texas 
elementary schools based on the Texas Elementary School Indoor Air 
Study (TESIAS) data. 
2) Identify and explore practices and characteristics associated with the 
best and worst performing schools. 
 
The research investigation focuses on perceptions and measurements of the indoor 
air quality (IAQ) for faculty, staff and students in elementary schools. This study intends 
to help identify IAQ benchmark and best practices for design and construction of 
elementary schools in Texas. 
1.3.1 Specific Objectives and Hypotheses 
This section outlines the five specific dissertation objectives.  These specific 
objectives provide both a descriptive analysis of the data collected as well as meaningful 
comparisons of both quantitative measured data and qualitative questionnaire data.  Each 
objective explores hypotheses that compare the two school districts in the study as well as 
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portable and traditional classrooms.  Hypotheses are enumerated and serve as the 
organizing principle for this dissertation. 
Objective 1: Characterize perceptions of classroom environments 
Characterize the data from the questionnaire regarding the perceived 
overall classroom environment quality.  This analysis examines factors 
that affect perceptions of the indoor environment. 
  The perception of the indoor environment is the same for: 
 Hypothesis 1A: School districts B and G 
 Hypothesis 1B: Portable and traditional classrooms 
The evaluation of these hypotheses further explores specific explanatory 
factors including perceptions of air movement and temperature, carbon 
dioxide (CO2) concentrations, continuous temperature (T) and relative 
humidity (RH) measurements, indoor/outdoor (I/O) mold concentrations, 
work experience of respondent, presence of carpet, presence of odors, and 
health symptoms.   
 
Objective 2: Determine the primary sources of water incursion reported 
Determine the primary sources of water incursion from data collected in 
questionnaires and walk-through assessments.  This information provides 
insight into the most common sources of water incursion as well as the 
schools with the highest incidence.      
The frequency of water leaks reported is the same for: 
Hypothesis 2A: School districts B and G 
 Hypothesis 2B: Portable and traditional classrooms 
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The percentage of water stains reported is the same for: 
Hypothesis 2C: School districts B and G 
 Hypothesis 2D: Portable and traditional classrooms 
Secondary analyses further investigate the effects of water leaks and 
ceiling water stains on reported occupant health.  This study also explores 
differences in the frequency of water incursion for flat and pitched, as well 
as potential relationships with RH, I/O mold, and visible mold reported. 
 
Objective 3:  Evaluate the visible mold reported in classrooms 
Describe the quantitative microbial data collected from the classrooms and 
further investigate average indoor concentrations broken out by genus and 
the I/O mold.  
Visible mold frequency reported by questionnaire respondents is the same 
for: 
Hypothesis 3A: School districts B and G 
 Hypothesis 3B: Portable and traditional classrooms 
Additional comparisons examine visible mold reported in classrooms and 
frequency of water leaks, water stains and health symptoms reported.  
Also, the study compares I/O mold in classrooms to visible mold.  Finally, 
this dissertation compares measured microbial concentrations to carbon 
dioxide concentrations for potential effects of ventilation on indoor 
microbial concentrations.   
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Objective 4: Analyze measured HVAC performance and characterize perceptions of  
  air movement, moisture, and temperature in the classroom 
Develop a distribution of schools according to their average perceived 
HVAC performance, including air movement and temperature and 
humidity control, using data collected from the questionnaire.  Also, 
characterize the quantitative HVAC data collected from the classrooms.  
Additional comparisons of specific interest investigate the mean and peak 
concentrations of CO2, T, and RH, both in classrooms and as school 
distributions.  
Perceptions of air movement are the same for: 
Hypothesis 4A:  School districts B and G 
 Hypothesis 4B: Portable and traditional classrooms 
  Perceptions of room moisture are the same for: 
Hypothesis 4C: School districts B and G 
 Hypothesis 4D: Portable and traditional classrooms 
  Perceptions of temperature are the same for: 
Hypothesis 4E: School districts B and G 
 Hypothesis 4F: Portable and traditional classrooms 
Mean concentrations of CO2 in the classroom are the same for: 
Hypothesis 4G: School districts B and G 
 Hypothesis 4H: Portable and traditional classrooms 
Peak concentrations of CO2 in the classroom are the same for: 
Hypothesis 4I:  School districts B and G 
 Hypothesis 4J:  Portable and traditional classrooms 
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Indoor mean relative humidity is the same for: 
Hypothesis 4K: School districts B and G 
 Hypothesis 4L: Portable and traditional classrooms 
Indoor mean temperature is the same for: 
Hypothesis 4M: School districts B and G 
 Hypothesis 4N: Portable and traditional classrooms 
   
Further investigations of these hypotheses explore additional factors that 
may influence occupant perception of air movement, humidity, and 
temperature, including age, gender, work experience, presence of exterior 
walls, CO2, T, and RH.  This dissertation further compares RH to occupant 
perceptions of room environment, and also explores comparisons to 
temperature and humidity perception.  Additionally, the study compares 
measured RH to both reported visible mold and I/O mold.  Also, the 
investigation compares measured temperature to occupant perceptions of 
room environment and temperature.   In an effort to provide a means to 
gauge the effects of CO2 on occupants, the study further investigates CO2 
concentration to occupant perceptions of room environment and air 
movement.  Finally, any correlation between CO2 concentrations and 
health symptoms, especially headaches and upset stomach, is explored. 
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Objective 5:  Evaluate the general health symptoms reported 
Evaluate the nature and frequency of the general health symptoms 
observed and reported by the respondent. Also, examine the symptoms 
reported more frequently at work than home.  
Health symptoms reported are the same for: 
Hypothesis 5A: School districts B and G 
 Hypothesis 5B: Portable and traditional classrooms 
Additional investigation compares health symptoms reported to the I/O 
mold.   
 
1.4 Organization of Dissertation 
Chapter 2 provides an overview of the existing literature related to indoor air 
quality in schools which includes investigations of water incursion and renovation 
effects, microbial concentrations, CO2 concentrations, ventilation, T, RH, and health 
symptoms.  Chapter 3 describes the study design, field study procedures, data collection 
and analysis methods, and quality assurance procedures.  Chapter 4 presents and 
discusses the qualitative and quantitative study results.  Chapter 5 presents the 
conclusions from this study, and recommends areas for future research. 
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Chapter 2:  Background 
 
Chapter two defines indoor air quality and provides an explanation of terms and 
concepts.   Additionally, this chapter provides an overview of health concerns attributed 
to poor indoor air quality and further identifies the factors that affect indoor air quality 
and the indoor environment within schools. These factors are organized according to the 
five specific objectives listed in Chapter 1. 
 
2.1 INDOOR AIR QUALITY 
Many factors affect indoor air pollution levels such as maintenance activities, the 
presence of contaminant sources (e.g. building materials, furnishings and equipment), the 
levels of contamination outdoors, the season, indoor humidity and temperature, and 
ventilation rates (Hall et al. 1995). Concentrations of specific contaminants in indoor air 
can often be considerably higher than concentration levels outdoors (Research Triangle 
Institute 1995).  Indoor contaminants include formaldehyde, volatile organic compounds 
(VOCs), particles, pesticides, radon, fungi, bacteria, and nitrogen oxides.  In addition to 
indoor air contaminants, occupants can experience similar discomfort and health 
symptoms similar to those attributed to indoor contaminants due to indoor environmental 
factors such as lighting levels, daylighting, and noise.  Often, the presence of both indoor 
contaminants and other indoor environmental factors makes it difficult to identify direct 
causes of occupant discomfort and health symptoms. 
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 While much attention is given to reactive measures regarding indoor air quality, 
little research is available to guide school districts in the construction and renovation of 
schools to optimize good indoor air quality and minimize the potential for contamination 
and future problems.  The Washington State Department of Health recently conducted a 
survey that revealed that 33 of 132 (25%) schools constructed or remodeled within the 
last five years had experienced indoor air quality (IAQ) problems.  The survey found that 
the average cost to address these IAQ problems was $134,750. Because buildings and 
building systems are interconnected, it can be very difficult to identify specific causes of 
IAQ problems.  Generally, HVAC systems and water damage to the building envelope 
are the most common sources of building-related IAQ problems (Washington State 
Department of Labor and Industries 1993). Other causes of IAQ problems can be 
attributed to various phases of the building process including poor site selection, choice 
of materials, roof design, poor construction quality, improper installation or any number 
or combination of other factors. It is also important to make the distinction between items 
that are the cause and those that merely aid in distribution of contaminants because IAQ 
problems must be addressed at the source to eliminate the unwanted result.  Cleaning the 
pathway between the source of a particular contaminant and an occupant does not 
adequately address the problem.  In most cases, a remedy is required for both the source 
of the problem as well as the pathway to the occupant (Hall et al. 1995). 
 As a basis for Objective 1 of the dissertation, this review first examines relevant 
literature about general factors that affect occupant perception of IAQ.  Table 2-1 
presents findings from literature reviews relative to general factors that affect perception, 
environment and health conditions in schools and classrooms.   Finish materials, such as  
  11
Table 2-1: Indoor Air Quality Literature Reviews 
 
Reference Sample Areas of Focus Results/Recommendations 
(Berry 
2004) N/A 
Carpets in 
schools 
Carpet flooring has higher concentrations of 
biocontaminants than smooth flooring.  
Airborne biocontaminants are higher over tiled 
floors. 
(Daisey et 
al. 2003a) 
Scientific 
literature 
published in 
journals and 
conference 
proceedings as of 
1999 
School 
building-
related health 
symptoms 
Classrooms are not adequately ventilated. 
Consistent relationship between ventilation 
rates or CO2 concentrations and health 
symptoms. 
Exposure to VOCs, molds, microbial VOCs 
and allergens measured in floor dust are 
related to asthma, SBS and other respiratory 
symptoms. 
(Mendell 
and Heath 
2005) 
Scientific 
literature through 
2003 
School 
environments 
effect on 
academic 
performance 
Many studies link indoor dampness and 
microbiological pollutants to asthma 
exacerbation and respiratory infection, which 
are associated with reductions in performance 
and attendance. 
Evidence links low ventilation rates to reduced 
performance. 
(Seppanen 
et al. 
1999) 
Reviewed 21 
studies with 
30,000 subjects. 
CO2, 
ventilation rate 
and human 
health 
responses 
Ventilation rates below 10 LS-1 per person 
associated with significant worsening of one or 
more health or perceived air quality outcomes. 
1/3 of carbon dioxide studies indicate decrease 
risk of SBS symptoms with decreasing CO2 
levels below 800 ppm. 
(Wargocki 
et al. 
2002) 
Review of 105 
peer-reviewed 
papers by 
EUROVEN 
scientific 
committee 
Ventilation, 
CO2 and health 
symptoms of 
occupants 
Ventilation associated with comfort (perceived 
air quality), health and productivity. 
Air-conditioned buildings may increase risk of 
SBS systems compared to those naturally 
ventilated. 
Improper maintenance, design and functioning 
of air conditioning systems contribute to 
perceived prevalence of SBS symptoms. 
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carpet, can strongly affect occupant perceptions of the indoor environment.  Teachers 
prefer the quiet environment associated with carpet.   Berry (2004) focused on the impact 
of carpet on IAQ in schools and found that carpet was a safe and preferred method of 
flooring to minimize health complaints. When properly maintained, carpet improves 
health effects and reduces levels of airborne contaminants and mold. While perceptions 
regarding carpet were generally positive, the measured findings were not as favorable.  
Daisey (2003) concluded that carpet was a potential causal factor for health symptoms, 
including nasal symptoms, throat symptoms, eye symptoms, headaches, fatigue, shortage 
of breath, skin irritation, dizziness and nausea.  Therefore, the findings presented in Table 
2-1 indicate that carpet may reduce some health effects, but it may also contribute to 
asthma and sick building syndrome (SBS) symptoms, which were found to be the most 
common heath symptoms investigated in schools.  
Poor ventilation was another common issue that affected school occupants.  
Unlike for carpet, negative perceptions of ventilation correlated with negative health 
effects.  Low ventilation rates generally increase the risk for health symptoms. There is 
also a consistent relationship between health symptoms and ventilation rates or CO2 
concentrations.  Seppanen (1999) found that some increases in ventilation rates up to 20 
LS-1 per person decreased prevalence of SBS symptoms or improved perception of IAQ.   
Wargocki (2002) also found that air-conditioned buildings may increase risk of SBS 
systems compared to those that are naturally ventilated.   
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2.2 WATER INCURSION / MOISTURE DAMAGE 
The building envelope separates indoor and outdoor environments and generally 
consists of the roof, walls and foundation.  The building envelope addresses rain, airflow, 
water vapor flow, groundwater, and environmental contaminants to control infiltration 
into the indoor environment.  Moisture enters a building envelope either as liquid water 
or as water vapor.  Liquid water incursion typically causes moisture problems in 
buildings (Straube 2002). Roofing assemblies, roof penetrations, wall cladding, and 
windows are all sources of above grade water incursion.  The largest source of material 
deterioration in buildings is rain water infiltration (Lstiburek 2000).  
The primary source of above grade water intrusion is roof leaks.  Roof leaks occur 
for a number of reasons because of the variety in design and assemblies, although the vast 
majority (95%) of roof leaks occur at flashing details (Madsen 2004).   The base of walls, 
around drains, vents, skylights and expansion joints are the most common locations for 
flashing details.  Many of the problems encountered are attributed to poor installation and 
workmanship.  Ponding or standing water results from improper draining on a flat roof 
and is a source of water incursion from roof failure.  Collected water on the roof 
infiltrates the building envelope through flashing details regardless of the hole size.   
Lack of maintenance also contributes to roof failure.   
Exterior walls and windows are also common sources of water incursion.  
Moisture intrusion paths include window leaks, door framing, foundation cracks, mortar 
joint moisture wicking.  Variations in building systems yield different IAQ issues.  
Wooden constructed schools report higher concentrations of viable fungi than 
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concrete/brick constructed schools (Meklin et al. 2002c).  Water-damaged schools report 
higher concentrations than non-damaged schools (Kalliokoski et al. 2002).  Also, 
moisture damaged schools are associated with common colds. Sinusitis, tonsillitis and 
bronchitis are associated with brick and concrete buildings.  Sahakian (2008) also found 
that reported health symptoms were greater in school buildings with mold and moisture 
damage. Concrete/brick constructed schools also report more frequent mold odor 
(Koivisto et al. 2002).   Figure 2-1 illustrates the interrelation between roof leaks, ceiling 
mold and reported health symptoms. 
 
Figure 2-1:  Relationship between Roof Leaks, Ceiling Mold, and Reported Health 
Symptoms 
 
Table 2-2 presents findings from literature relative to measurements of conditions 
of classrooms and schools and the health effects of moisture damage repairs and 
renovations.  All of the studies collected data before repairs and during follow-ups after 
repairs.  Prior to renovations or repairs, teachers experienced higher frequencies of 
mucosal symptoms and higher concentrations of histamines, which are released by the 
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Table 2-2: Measurements of the Effects of Moisture Damage 
 
Reference Sample Measurements 
Significant 
Effect of 
Moisture 
Damage 
Specific Results/Effects 
of Renovations 
(Havarinen 
et al. 2002) 
1 school 
227 students  
Symptoms of students 
in 1996 (before repairs), 
1997 (after repairs), 
1999 (2nd follow-up) 
Yes 
Significant decreases in 
13 symptoms at the 1st 
follow-up, in 16 
symptoms at the 2nd 
follow-up among all 
respondents. 
(Meklin et 
al. 2002a) 
2 schools 
Moisture 
damaged and 
non-damaged  
Temperature 
relative humidity 
fungi and bacteria 
concentrations 
Yes 
Significant decrease in 
both mean concentrations 
of viable airborne fungi 
and total concentrations 
of airborne viable 
bacteria after renovations.  
(Meklin et 
al. 2005) 
4 schools 
2 moisture-
damaged 
2 non-damaged  
Fungi and bacteria 
concentrations 
Yes- if 
complete 
renovation 
Fungi mean 
concentration decreased 
after repairs. 
Bacteria total 
concentrations lower 
after repairs. 
Significant decrease in 
most symptoms 
(Rudblad et 
al. 2002) 
2 schools 
1 moisture 
damage  
1 non-damaged 
Students' perceived 
indoor climate, 
symptoms, allergic 
manifestations, and 
some background 
factors 
Inconclusive 
Prevalence of asthma/hay 
fever symptoms  lower in 
the control school 
(Sahakian 
et al. 2008) 2 schools 
Questionnaire surveys 
of health symptoms in 
schools with mold and 
dampness 
Yes 
Excess work-related 
throat, respiratory, eye, 
nasal, and sinus 
symptoms 
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body as an immune response. Follow-up measurements after moisture damage 
renovations or repairs indicate a significant decrease in negative health effects and 
airborne fungal concentrations (Haverinen et al. 2002, Meklin et al. 2002b). 
Improvements in negative health effects includes reduced incidence of sinusitis and upper 
respiratory conditions accompanied by decreased fungal levels, microbial genera, 
airborne viable bacteria, relative humidity and airborne pollutants (Meklin et al. 2005). 
Non-moisture damaged schools have lower instances of asthma and hay fever (Rudblad 
et al. 2002).  Asthmatic symptoms also decreased following the installation of new 
ventilation systems. 
 
2.3 FUNGI AND BACTERIA 
Airborne biological pollutants include bacteria, viruses, fungi (molds and yeasts), 
pollen, dander, and insect parts. Wet building materials and furnishings (insulation, 
carpet, ceiling tiles, wall coverings and furniture) are sources of airborne biological 
pollutants. No standards or threshold values exist for indoor concentrations of mold.  
However, some states have developed standards for mold remediation activities.  The 
current standard  for mold in effect for the State of Texas is the Texas Mold Assessment 
and Remediation Rules created by the Texas Department of State Health Services (Texas 
Department of State Health Services 2007). Health effects of bacteria include 
tuberculosis, measles, staphylococcus infections, influenza, and Legionnaires disease 
(Hall et al. 1995). 
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Table 2-3 presents findings from literature reviews relative to measurements of 
fungi and bacteria contaminants in classrooms and schools. Specifically, the table 
outlines findings on fungal concentrations, bacteria concentrations and other contaminant 
concentrations in classrooms and schools. In some cases, studies collected and recorded 
data for both indoor and outdoor concentrations of fungi and bacteria.   
 
Fungal Concentrations 
Table 2-3 shows indoor fungi and bacteria concentrations from several 
investigations.  Indoor concentrations of Aspergillus were equal to outdoor 
concentrations (Bartlett et al. 2004b).  Concentrations of viable fungi and Penicillium 
were higher in naturally ventilated rooms than mechanically ventilated rooms (Bartlett et 
al. 2004b).   Godwin and Batterman (2007) also found Aspergillus/Penicillium to be the 
dominant indoor fungi at concentrations higher indoors than outdoors. Viable fungi levels 
were higher in moisture damaged schools and higher concentrations were found closest to 
the floor (Meklin 2002).  Petronella (2005) found widespread mold in the school, 
including both common species and species associated with allergy and asthma (e.g., 
Aspergillus and Alternaria).  Tortolero (2002) reported 57.5% of classrooms were above 
recommended threshold level of mold spore counts and 12.5% of rooms had mold on the 
ceilings, walls or floors.  Ramachandran (2002) found higher concentrations of viable 
airborne fungi in older schools than in new schools.  Older schools may accumulate more 
moisture damage over time (Ramachandran et al. 2005). 
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Table 2-3: Measurements of Concentration of Fungi and Bacteria 
 
Reference Sample Fungal Concentrations (cfu/m3) 
Bacteria Concentrations      
(cfu/m3) 
(Bartlett et al. 
2004a) 39 schools n/a 
 
Naturally ventilated (325) 
Mechanically ventilated (166) 
(Bartlett et al. 
2004b) 
39 schools        
117 classrooms 
Viable airborne fungi  
Indoors (323) 
Outdoors (446) 
n/a 
(Godwin and 
Batterman 
2007) 
9 schools 
64 classrooms 
Total Median 527 counts/m3 
All species < 100 counts/m3 
I/O Aspergillus/Penicillium > 1 
n/a 
(Meklin et al. 
2002c) 
2 schools:        
1 moisture 
damaged  
Viable airborne fungi  
Moisture damaged (4 - 130)      
Reference schools (14 - 250) 
Actinobacteria  
< 11 in both schools 
(Kallikoski et 
al. 2002) 
8 schools:        
6 moisture 
damaged 
Viable airborne fungi  
Moisture damaged (54)        
Reference schools (21) 
60 - 1495 
(Meklin et al. 
2002c) 32 schools 
Viable airborne fungi  
Moisture damaged (26)        
Reference schools (18) 
Moisture damaged (593)  
Reference schools (432) 
Actinobacteria  
Moisture damaged (2.3)  
Reference schools (1.3) 
 
(Ramachandran 
et al. 2005) 
2 schools         
10 classrooms 
Viable airborne fungi  
Old schools (198) 
New schools (82.3) 
n/a 
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Bacterial Concentrations 
As with fungal concentrations, naturally ventilated rooms had higher 
concentrations of bacteria than mechanically ventilated rooms and higher concentrations 
closer to the floor (< 60 cm) (Bartlett et al. 2004a).  Kallikowski (2002) also found that 
moisture damaged schools have higher levels of bacteria.  Moisture damage was more 
prevalent for wood framed buildings than concrete or brick (Koivisto et al. 2002). 
Bacteria concentrations were higher indoors than outdoors (Bartlett et al. 2004b).    
Bartlett (2004b) also found that bacterial counts negatively correlate with supply and 
exhaust flow rates, air exchange rates, and the percentage of the day that occupants spent 
sitting at desks.  Therefore, increased ventilation reduces the amount of bacterial counts 
indoors. 
 
2.4 HEATING VENTILATION AND AIR CONDITIONING (HVAC) 
The most common building factors associated with indoor environmental 
complaints are related to the Heating Ventilation and Air Conditioning (HVAC) systems.  
The recommended ventilation rate for a classroom is 15 cfm/person with a specified 
maximum occupancy of 50 persons per 1000 ft2 for schools (Sahlberg et al. 2002).  The 
ASHRAE 62.1-2007 ventilation standard provides outdoor air requirements for 
classrooms of 15 cubic feet per minute (CFM) per person.  ASHRAE Standard 55-2004 
provides the thermal comfort guideline for temperature and relative humidity.  According 
to Bayer (2002b), the ventilation rate for schools with desiccant cooling systems 
(humidity control) averaged 15 cfm/person, whereas conventional HVAC system schools 
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averaged only 5 cfm/person.  This study cited inadequate HVAC maintenance and poor 
design as causes for poor indoor air quality from HVAC systems.  Students occupying 
rooms with old air handling unit filters reported more symptoms from the eyes, nose and 
throat than students with newer filters (Smedje et al. 2002).  HVAC systems can cause 
indoor air quality problems and/or distribute contaminants throughout a building.   
Table 2-4 presents findings from literature relative to measurements of CO2, 
ventilation and other measures of the indoor conditions in classrooms and schools. 
Specifically, the findings determined whether ASHRAE recommended concentration of 
1,000 ppm CO2 and ventilation rate of 15-cfm/person were met.  Results from only one 
study met the ventilation guidelines, and 15 of the 18 studies failed to meet the 
ventilation guidelines.  Two studies met the ventilation guidelines with desiccant 
systems, but failed to meet the guidelines with conventional HVAC systems.  The data 
indicates that, most often, mechanically ventilated and unoccupied rooms meet standards 
for CO2, whereas naturally ventilated and occupied rooms did not. When new schools 
were compared to old schools, measurements were relatively equal. 
High levels of CO2 can result from inadequate ventilation systems, inadequate air 
exchanges from the opening and closing of windows and doors, and overcrowded 
classrooms. Occupied and air conditioned rooms measured higher levels of CO2 than 
rooms cooled with ceiling fans.  Rooms with desiccant active control systems met 
standards for ventilation, while rooms with conventional HVAC systems did not (Bayer 
et al. 2002a).   Other study findings indicate that low ventilation rates were associated 
with worsening health or perceived air quality outcomes.  Also, the literature associates 
increases in CO2 with decreased attendance (Shendell et al. 2004a).  
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Table 2-4: Measuring CO2 (ppm) and Ventilation (cfm/person) 
Reference Sample CO2 ventilation guidelines met CO2 (ppm) or ventilation (cfm/person) 
(Bartlett et al. 
2004b) 39 schools   No 1080 ppm 
(Bayer et al. 
2002a) 10 schools 
Yes - desiccant Desiccant (15 cfm) 
No - HVAC sys. HVAC system < 5 cfm/person 
(Blondeau et 
al. 2005) 8 schools  No Exact data not reported 
(Butala and 
Novak 1999) 24 schools  No 4000 ppm 
(Dautel et al. 
1999) 
10 schools          
2 districts No 
1461 ppm  
79% exceeded standard 
(Fischer and 
Bayer 2003) 10 schools 
Yes - desiccant Conventional (4 - 6 cfm/person) 
No - conventional Desiccant (15 cfm/person) 
(Fox et al. 
2003) 7 classrooms No 1017 – 1735 ppm 
(Fox et al. 
2005) 
3 schools 
7 classrooms No 
3 schools 
1,387, 644, and 1,455 ppm 
(Godwin and 
Batterman 
2007) 
 9 schools 
64 classrooms No 
533-1552 ppm 
 
(Grams et al. 
2003) 7 schools No 1316 ppm 
(Lee and 
Chang 1999) 
5 schools 
5 classrooms No > 1000 ppm 
(Norback et al. 
2000) 
12 schools 
12 Classrooms No 
1,150 ppm 
Range 760 - 1620                     
84% did not meet standard 
(Ramachandran 
et al. 2005) 
2 schools 
5 classrooms Yes Old school ( 509 ppm) New school ( 512 ppm) 
 
(Research 
Triangle 
Institute 
International 
2003) 
67 schools         
384 classrooms  No 
1,070 ppm   
portable classrooms (1,064 ppm)    
traditional classrooms (1074 ppm) 
(Shendell et al. 
2004a) 
22 schools          
436 classrooms  No 45% of classrooms > 1,000 ppm 
(Shin et al. 
2005) 
1 test chamber  
1 classroom No 
without ventilation   (1790 - 2190 ppm)    
with ventilation (1032 - 1536 ppm) 
(Siskos et al. 
2001) 
10 schools 
20 classrooms No 
2434 - 2537 ppm  
75% exceeded standard 
(Tortolero et al. 
2002) 
60 schools 
385 classrooms No 86% exceeded standard 
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Table 2-5 presents findings from literature reviews relative to measurements of 
temperature and relative humidity in classrooms and schools.  In some cases, the studies 
collected data for both indoor and outdoor conditions.  The literature referenced standards 
for acceptable comfort measurements of temperatures below 23 °C and 30% - 60% 
relative humidity.  Recorded temperatures generally met this comfort range, although 
temperature was difficult to control in naturally ventilated (Lee and Chang 2000). 
Typically, 1/3 of all recorded cases in a study exceeded the standard for temperature if 
any temperature in the study exceeded the standard. Sacrificing ventilation achieved 
acceptable relative humidity levels in some cases (Fischer and Bayer 2003). Several 
investigators found correlations between measured conditions, bacteria or contaminants 
and humidity, occupied rooms and ventilation (Bayer et al. 2002b).   
Bayer (2002a) found that without active humidity control systems, ventilation rates of 5 
cfm person create greater than 70% relative humidity levels for extended periods of time.   
Attempts to control indoor humidity by lowering ventilation rates and space temperature 
increases contaminant concentrations, energy usage, and costs (Fischer and Bayer 2003). 
Desiccant systems had the best ventilation rates, which improved IAQ in qualitative 
(perception) and quantitative (objective) measures (Bayer et al. 2002b).  Most desiccant 
systems accommodate high efficiency filtration in a central location using fans.  One 
outcome noted from the literature ties the results to student attendance.  Fischer (2003) 
reported that conventionally conditioned schools had approximately 9% higher 
absenteeism than desiccant conditioned schools.   Another factor noted relates to cost.  
The operating cost for desiccant systems is approximately $15-20K less than 
conventional systems.  
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Table 2-5: Temperature and Relative Humidity 
 
Reference Sample Temperature (°C)  Relative Humidity (%) 
(Dautel et al. 
1999) 
2 districts 
10 schools n/a 53 
(Fischer and 
Bayer 2003) 10 schools 22.8 - 25 
Conventional schools (58) 
at 15cfm/person (70) 
(Grams et al. 
2003) 7 schools 21.7 50.7 
(Lee and Chang 
1999) 
5 schools 
5 classrooms 17.2 - 23.2 
Indoor  (55.5 - 75.1) 
Outdoor  (53.5 - 83.6) 
(Mysen et al. 
2005) 2 classrooms 14.0 - 19.4  n/a 
(Norback et al. 
2000) 
12 schools 
12 classrooms 
22 
Range (21 – 25) 
> 30  
in 54% of schools 
(Ramachandran et 
al. 2005) 
2 schools 
5 rooms  
Old school ( 22.3) 
New school (21.3) 
Old school (37.3) 
New School (39.0) 
(Research 
Triangle Institute 
1995) 
384 schools 
1133 classrooms 
Portables temperatures 
below 20 more frequently 
than traditional 
classrooms 
traditional classrooms (45.9) 
portables (46.8) 
(Shendell et al. 
2004b) 
7 schools 
2 portable 
portables (19.5 - 24.1) 
traditional (19.4 - 23.8) 
portables (51.8 - 57.9) 
traditional (49.1 - 55.5) 
(Siskos et al. 
2001) 
10 schools 
20 classrooms 20 -  24.4  43.2 -  66  
(Tortolero et al. 
2002) 385 rooms in 60 schools. 
24.8 
Range  21.2 - 31.6 
52.5  
Range  26.7 - 78.1 
69% exceeded standard 
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2.5 INDOOR AIR QUALITY RELATED HEALTH SYMPTOMS 
The symptoms associated with indoor air quality problems are similar to those of 
allergies or colds.  They are often non-specific symptoms rather than clearly defined 
illnesses (Hall et al. 1995).  In general, occupants of a building diagnosed with sick 
building syndrome (SBS) suffer from such symptoms.  SBS symptoms include eye, nose, 
and throat irritation, dryness of mucous membranes and skin, nose bleeds, skin rash, dry 
or itchy skin, difficulty breathing or chest tightness, mental fatigue, headache, cough, 
hoarseness, wheezing, nausea, and dizziness (U.S. Department of Labor 1994).  SBS 
describes an illness with symptoms that occur while in a specific building but subside 
when away from the building.  The symptoms may worsen or only appear in specific 
zones or rooms.  A Swedish study reported the following: 1) general symptoms were 
more prevalent at high temperatures, 2) eye symptoms and tiredness were more common 
at low lighting,  3) headaches were more common for lower levels of daylighting,  5) eye 
symptoms were related to the total air concentration of bacteria,  6) a relationship 
between observed building dampness and SBS-symptoms, but only in schools with an air 
exchange rate below the median value (<1.8 ach) (Sahlberg et al. 2002). 
In contrast to SBS is Building Related Illness (BRI), which attributes illness to 
environmental agents in the indoor air.  These specific environmental agents produce 
symptoms that allow for illness diagnosis.  An example of a BRI with life-threatening 
consequences is Legionnaire’s disease, which is a severe pneumonia associated with the 
Legionella species of bacteria.  Such illnesses result from uncontrolled sources of 
contaminants and poor building maintenance (Sahlberg et al. 2002). 
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The prevalence of asthma and allergies, especially in children, rose over the past 
decade (Akinbami and Edelman 2006).  After the home, school is the most important 
indoor environment for children (Smedge and Norback 2002).  This is especially 
noteworthy because individuals with asthma or allergies are potentially more susceptible 
to indoor air contaminants (Research Triangle Institute 1995).  Children may be more 
susceptible to indoor air pollution than adults. The U.S. Environmental Protection 
Agency attributes this to the greater volume of air inhaled by children relative to their 
body weight, and thus a greater mass of pollutant uptake per body weight (U.S. 
Environmental Protection Agency 1996).  One study positively associates respiratory 
infections in schoolchildren with viable molds in air, viable bacteria, and 3-metylfuran 
(Norback et al. 2002).  Another study associates elevated student Immunoglobulin G 
(IgG) serum levels to Penicillium notatum in moisture damaged schools (Hyvarinen et al. 
2003).  IgG are antibodies providing a secondary immune response to foreign objects, 
such as bacteria and viruses.  Therefore, water damage results in elevated levels of 
penicillium and a subsequent increased immune response in students. 
Table 2-6 presents findings from literature reviews relative to associations 
between health and the environment of classrooms. Specifically, the table outlines 
findings on the health symptoms and environmental factors that affect health. In most 
cases, the literature indicates that such correlations do exist. The literature found a 
connection between health and the environment in all studies. The most significant 
findings related to allergens, asthma, cold/cough, respiratory infections, nasal patency 
and other SBS symptoms. Several studies also associate mold allergens with the presence 
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Table 2-6: Measurements of Health Symptoms and the Environment 
 
Reference Sample Correlations and Other findings 
(Dautel et al. 
1999) 
2 districts 
10 classrooms 
Significant correlations: Allergen and irritant scores.  
Allergen score to condition of HVAC filter.  Condition 
of HVAC filter to irritant score. 
(Karlsson 
2002) 35 classrooms 
Rate of children reporting dissatisfaction with indoor air 
quality correlated positively with allergen levels.  
(Meklin et al. 
2002a) 32 schools 
Common colds significantly more common in moisture 
damaged buildings than in non-damaged reference 
buildings.   
(Norback et al. 
2000) 
12 schools 
234 personnel 
Lower degree of nasal patency found at higher 
concentrations of total molds. 
(Norback et al. 
2002) 
10 schools 
30 classrooms 
Respiratory infections more common at higher 
concentration of viable bacteria and viable molds. 
(Sahlberg et al. 
2002) 
38 schools 
101 classrooms 
1410 employees 
General symptoms higher at higher room temperature.  
Relationship between observed building dampness and 
SBS symptoms found.  Frequent respiratory infections 
more common in schools with lower air exchange rate. 
(Seppanen et 
al. 1999) 
21 studies with 30,000 
subjects  
Ventilation rates below 10 LS-1 per person were 
associated with significant worsening of one or more 
health or perceived air quality outcomes. 
(Smedje and 
Norback 2001) 
39 schools 
100 classrooms 
1347 students 
Asthma more common at higher concentrations of 
formaldehyde and total molds in the classroom air. 
(Smedje et al. 
2002) 
1 school 
2 air handling units 
184 students 
The group exposed to a new filter had increased nasal 
patency and decreased concentrations of lysozyme, 
whereas the group exposed to an old filter had reduced 
nasal patency and increased concentration of lysozyme. 
(Walinder et 
al. 1998) 234 school personnel 
More nasally symptoms reported in schools with 
mechanical supply air systems vs. schools with natural 
ventilation.  Higher ventilation rates associated with 
lower lysozyme concentrations. 
(Wargocki et 
al. 2002) 105 peer-reviewed papers 
Ventilation strongly associated with comfort (perceived 
air quality) and health (SBS symptoms, inflammation, 
infections, asthma, allergy, short-term sick leave).   
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of molds in air and contaminants in settled dust (Norback et al. 2002).  Asthma was 
prevalent in most cases and most asthmatic students had documented medical records of 
the condition (Smedje and Norback 2001). Some researchers in Table 2-6 observed 
higher incidence of asthma with higher levels of settled dust and cat allergens (Smedje 
and Norback 2001). The literature also associates cough and colds with moisture-
damaged buildings (Meklin et al. 2002a). One study found higher levels of respiratory 
infection symptoms at higher room temperatures and lower air exchange rates.  Greater 
concentrations of viable bacteria and viable mold increased the incidence of respiratory 
infection (Norback et al. 2002). Rooms with high levels of formaldehyde, NO2 and 
Aspergillum spp decreased nasal patency, the condition of the nose not being blocked or 
obstructed (Norback et al. 2000).  Newer filters increased patency, whereas older filters 
decreased patency due to increased concentrations of lysozyme, an enzyme that is part of 
the immune system and is abundant in mucus (Norback et al. 2000).  Natural ventilation 
systems observed more nasal symptoms than mechanical ventilation systems (Rudblad et 
al. 2002).  Decreased CO2 rates also decreased SBS symptoms (Sahlberg et al. 2002). 
 Kujanpaa (2002) correlates health effects with incidents of water damage.  Five 
of the studies also associate common colds, allergies, sinusitis and ear infections with 
moisture damage in the home environment (Hyvarinen et al. 2003; Kujanpaa et al. 2002; 
Meklin et al. 2002a; Meklin et al. 2002b; Rudblad et al. 2002). Also, Sahlberg (2002) 
associates school building dampness and ventilation with levels of comfort or perceived 
air quality, SBS, inflammation, infection asthma, allergy, short-term sickness and 
decreased productivity.  
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Table 2-7 presents findings from literature reviews related to the prevalence of 
health symptoms to the perception of indoor quality.  The findings indicate that that 
allergy, asthma, hay fever and eczema were the most common health complaints 
associated with perceived poor indoor quality.  
Table 2-7: Prevalence of Health Symptoms to Comfort 
 
Reference Sample Prevalence of Health Symptoms Perception of Indoor Quality 
(Lundin 
1999) 1715 students  
57% at least one allergy 
 
 37% asthma, hay fever, 
or eczema 
"mostly feel happy-comfortable at school"  
58% often, 39% sometimes, 3% never 
>  75% reported that air quality was good or 
acceptable 
(Seppanen 
et al. 
1999) 
21 studies 
30,000 
subjects 
n/a 
Ventilation rates below 10 LS-1 per person 
associated with decreases in perceived air 
quality outcomes. 
(Siskos et 
al. 2001) 
10 schools 
20 classrooms n/a 
Noise levels greater than recommended 
values in all classrooms  
Teachers and pupils considered noise to be 
the main problem in their school. 
(Smedje et 
al. 2002) 
1 school 
2 air handling 
units (A & B) 
General, eye and throat 
symptoms were 
reported less frequently 
by students exposed to 
the new filters. 
Students’ perception of the IAQ as "very 
good" increased when exposed to a new 
filter. 
(Wargocki 
et al. 
2002) 
105 peer-
reviewed 
papers 
Ventilation strongly 
associated with health 
Ventilation strongly associated with 
comfort (perceived air quality). 
Outdoor air supply rates 
below 25 LS-1 per 
person increase the risk 
of health effects. 
Increasing outdoor air supply rates in non-
industrial environments improves perceived 
air quality. 
 
Air quality, levels of cleaning, dust, varying room temperatures, smoke, noise, 
bad odor and lighting affect allergic students more than non-allergic students (Sahlberg et 
al. 2002).  Lower ventilation rates correspond with the worsening of one or more health 
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or comfort outcomes (Seppanen et al. 1999).  The literature associates increased 
ventilation rates with decreased levels of SBS, and reported SBS symptoms decreased 
with decreasing CO2 (Dautel et al. 1999).  Also, prevalence of negative health symptoms 
was greater with old filters (Smedje et al. 2002). 
 
2.6 SUMMARY 
The literature associates poor ventilation with less positive perception of the 
indoor air quality.  However, the reviewed studies do not provide results for occupant 
perception comparisons to measured comfort parameters (T, RH), mold concentrations, 
and water incursion. The TESIAS study provides investigations of these measured 
parameters against perception of the indoor environment.   
While the literature provides correlations between moisture damage and health, it 
does not identify the sources of greatest water intrusion.  The literature associates water 
incursion or moisture damage in schools with instances of SBS symptoms, asthma and 
hay fever.   The TESIAS data exploration seeks to identify the most common sources of 
water incursion that correlates with adverse health.  
Previous studies indicate that concentrations of Penicillium were higher indoors 
than outdoors and Aspergillus was observed equally indoors and outdoors.  Viable fungi 
concentrations were higher in moisture damaged schools. The literature associates high 
levels of CO2 with indoor fungal concentrations and moisture damage.  Portable 
classrooms had the highest concentrations of indoor mold.  The TESIAS includes 
portable classrooms to compare with traditional classrooms for differences in carbon 
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dioxide concentrations and fungal concentrations.  This dissertation fills an important gap 
because it allows for added comparison between occupant perceptions of indoor 
environments and sampled mold concentrations as well as comparisons between reported 
visual mold and sampled mold concentrations. 
The literature presented in this chapter associates a lack of ventilation with HVAC 
systems as the most prominent factor affecting these health conditions. Recorded 
temperatures were generally within the comfort range below 23 °C and relative humidity 
was in the range of between 50% and 60%.  This dissertation will compare between these 
findings and the mean temperatures and relative humidity reported in this study. 
Sacrificing ventilation sometimes achieves acceptable relative humidity levels. The 
literature correlates measured conditions and bacteria or contaminants with levels of 
humidity.  Therefore, further analysis of the TESIAS data allows for investigation of 
possible impacts of humidity on fungal growth as well as correlations with ventilation. 
The literature provided establishes a connection between health and the 
environment.  The most significant findings relate to the SBS or allergic symptoms.  
These SBS symptoms decreased as ventilation improved.  This dissertation further 
explores potential correlations to support the association between diminishing health 
symptoms and increased ventilation. 
Chapter 3 provides an explanation of the methods employed in the TESIAS study 
to obtain and analyze the data.  The chapter discusses the overall sequence of the study as 
well as the specific tools and methods of analysis.  In addition, Chapter 3 explains the 
statistical analysis performed on the data to explore the hypotheses described in Chapter 
1. 
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Chapter 3:  Methodology 
 
This chapter provides explanation of the methods employed in the Texas 
Elementary School Indoor Air Study (TESIAS).  Collection, preparation and analysis of 
the data are discussed. The study was conducted in three primary phases: questionnaires 
(Phase I) and data collection (Phases II and III), as shown in Table 3-1.   
 
3.1 STUDY DESIGN AND SAMPLE SELECTION 
The three phases of the study were conducted within one academic school year 
beginning in September of 2001 and ending in May of 2002.  Phases I and II were 
conducted during the fall semester.  Phase III was conducted during the spring semester. 
 
Phase I 
In order to assess perceptions and evaluate the hypotheses in Objective 1 about 
perception of the indoor environment, the first phase involved sending out questionnaires 
to each faculty/staff member in each elementary school selected.  The questionnaire was 
primarily a survey of health symptoms and perceptions of indoor air quality by teachers 
and staff at 30 schools in central and south Texas.  Additionally, the questionnaire was 
used to obtain information from respondents about their rooms, its use and contents.  The 
types of information requested in the questionnaire were also designed for comparison 
with field data that was gathered in the second and third phases of the study.  Table 3-2 
provides a summary of when and where specific types of data were collected. 
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Table 3-1:  Data Collection by Study Phase 
 
  Phase I 
Phase 
II 
Phase 
III 
Sample Size       
 Total Elementary Schools 30 30 10* 
 District B Schools 10 10 3 
 District G Schools 20 20 7 
Questionnaire and Field Forms       
 Teacher / Staff Questionnaire X   
 Classroom Walk-Through Form  X  
 School Grounds Walk-Through Form  X  
 HVAC Walk-Through Form  X  
Measurements    
 Carbon Dioxide (CO2)  X X 
 Temperature  X X 
 Relative Humidity (RH)  X X 
 Carbon Monoxide (CO)  X X 
 Viable Mold   X 
 Total Mold   X 
 Viable Bacteria   X 
 * Selected from Phase I and Phase II Schools 
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Table 3-2:  Types of Data Collected 
 
Measurement Location Timing 
Questionnaires School and classroom 
Phase I 
Prior to Phase II (via mail) 
Data Collection Forms School and classroom 
Phase II 
Sampling day (1 day) 
Temperature (T) Each classroom and outdoors 
Phases II & III 
Continuous 1-day classroom monitoring  
Recorded outside morning and afternoon 
Relative Humidity (RH) Each classroom and outdoors 
Phases II & III 
Continuous 1-day classroom monitoring  
Recorded outside morning and afternoon 
Carbon Monoxide (CO) Each classroom and outdoors 
Phases II & III 
Continuous 1-day classroom monitoring  
Recorded outside morning and afternoon 
Carbon Dioxide (CO2) 
Each classroom 
and outdoors 
Phases II & III 
Continuous 1-day classroom monitoring  
Recorded outside morning and afternoon 
Total Mold - Air  
(Air-O-Cell) 
Each classroom 
and outdoors 
Phase III 
10 min/classroom 
Morning & Afternoon: Occupied and Unoccupied 
Total Mold - Surface (Tape) Each classroom 
Phase III 
Two samples  
One vertical surface and one horizontal surface 
Culturable Mold - Air (MEA) Each classroom and outdoors 
Phase III 
4 min/classroom 
Morning & Afternoon: Occupied and Unoccupied 
Culturable Mold - Surface 
(Swab) Each classroom 
Phase III 
Two samples  
One vertical surface and one horizontal surface 
Culturable Bacteria - Air 
(BAP) Each classroom 
Phase III 
4 min/classroom 
Morning & Afternoon: Occupied and Unoccupied 
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Phase II 
Phase II of the study involved both qualitative and quantitative data collection in 
school classrooms from which questionnaire data were received.  This phase consisted of 
a walkthrough of 240 randomly classrooms in 30 elementary schools and measurement of 
comfort parameters in 120 of the 240 randomly selected classrooms in these schools.  
The walkthrough included visual inspections to record the physical design and conditions 
of the classrooms, school grounds and HVAC systems. Measurements of comfort 
parameters included temperature, relative humidity, carbon dioxide, and carbon 
monoxide.   
 
Phase III 
Phase III of the study consisted of additional quantitative data collection as a 
follow-up to Phase II.   Once information from the Phase II was analyzed, it was used to 
rank order the 120 classrooms according to the room and indoor air conditions.  The 18 
classrooms for the third phase were selected, as described in the sections below, to be 
representative of a range of conditions from the 120 classrooms from Phase II.  Fungal 
and bacterial data were collected in addition to comfort parameters for this final phase.  
  
3.1.1 Recruiting Districts 
The primary objective of this project was to identify and begin to assemble 
relevant information about the condition of indoor air in Texas elementary schools.  To 
do this, we first selected schools in geographical areas representative of typical climate 
regions in Texas.  Texas schools are located in three hygro-thermal climate regions: hot-
dry/mixed-dry, hot-humid, and mixed-humid.  Funding constraints and the period of 
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funding for the project limited the selection of schools districts to hot-humid and mixed-
humid climate regions.  Major public school districts in these regions were approached to 
participate in the project.  Research staff was required, as a condition of the Texas Higher 
Education Coordinating Board grant, to recruit at least one school district (District B) 
from the border region between the United States and Mexico.  One central Texas school 
district (District G) was selected because of its proximity to the University of Texas. 
Several school districts along the border were contacted regarding participation, however 
only one opted to participate.  Recruiting willing school districts was more difficult than 
originally anticipated due to the great amount of media coverage of mold and indoor air 
quality, especially in schools.  There was great apprehension on behalf of the school 
district administration because of what the investigation might find, and the potential for 
subsequent news media attention. 
 
3.1.2 Recruiting and Scheduling Schools 
Once school districts were selected, we worked with the administration, 
environmental health and safety offices, facilities and maintenance offices to identify all 
of the elementary schools within the district.  Once a list was generated, a random 
selection of schools was performed.  Twenty (20) schools from the central Texas school 
district and ten (10) schools from the south Texas border school district were selected.  
Additionally, the schools in the central Texas school district were randomly selected from 
ten (10) separate maintenance divisions to ensure that representative samples were taken 
from each geographical area of the district.  Elementary schools within district G 
represent a wide range of socioeconomic parameters. Alternate schools were also selected 
from each school district in case one of the initially selected schools opted not to 
participate in the study.  Schools randomly selected were contacted by telephone to gain 
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support for the project and a commitment to participate.  Once a school committed to 
participate in the study, a packet with written explanation of the study, directions for 
completing the questionnaires and the questionnaires were sent to each principal for 
distribution.  The completed questionnaires were then returned to the research team along 
with a map of the school campus.   
 
3.1.3 Selection of Sample Classrooms 
Figure 3-1 illustrates the classroom selection process for Phases II and III.  In 
Phase II, classrooms were randomly selected using the Microsoft Excel random number 
generator from the questionnaires that were returned from each school.  School principals 
were once again contacted to schedule a one-day site visit for Phase II monitoring and 
data collection. Eight classrooms were randomly selected from each school for Phase II, 
for a total of 240 classrooms.  Continuous monitoring was performed in half (120) of the 
classrooms selected.  Of the 120 classrooms selected for continuous monitoring, 12 
(10%) were portables. 
Phase III classrooms were selected utilizing a matrix (see Appendix A) designed 
to evaluate the condition of the classrooms as indicated by Phase II data.  The scoring 
matrix evaluated each of the classrooms from Phase II across six categories: water 
intrusion, odors, HVAC system(s), general maintenance, comfort parameters, and general 
use practices. Lower rating scores were indicative of better indoor environments, whereas 
higher scores suggestive of classrooms performing poorly in the Phase II evaluation. The 
classrooms were subsequently placed in order from lowest to highest based on their 
rating score derived from the matrix. Classrooms were then randomly selected from each 
of the nine numerical ranges between the highest and lowest matrix values.  A total of 
eighteen classrooms (6 B District and 12 G District) were monitored during Phase III.  
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Figure 3-1:  TESIAS Process Flowchart 
 
Phase I
Questionnaires to 30 Schools 
Phase II
120 Classrooms (4 Classrooms x 30 Schools) 
Selected from Questionnaire Responses 
1336 Questionnaire Responses
Phase III
18 Classrooms Selected from Matrix Results 
3 District B Schools & 7 District G Schools 
Analysis of Phase II Results 
Develop Matrix of 120 Classrooms 
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3.2 DATA COLLECTION 
3.2.1  Sample Collection and Analysis Methods 
A summary of the sampling equipment and materials used in the study, as well as 
the data measured, is provided in Table 3-3.  Continuous monitoring for temperature, 
relative humidity, carbon monoxide and carbon dioxide were all obtained using the TSI 
Q-Trak.  Four TSI Q-Trak monitors were used for the study allowing for a maximum of 
measurements in four classrooms each day.  Mold samples were collected using a variety 
of instrument and media.  Viable or culturable surface mold was obtained using a sterile 
cotton swab provided by Aerotech Laboratory.  Airborne viable mold was collected using 
an Andersen N6 single stage sampler.  Airborne total mold was captured using a Zefon 
International Air-o-cell cassette.  Further specifics regarding the sampling methodology 
is provided in the environmental sampling section below. 
 
3.2.2 Field Data Collection Procedures  
The field team visited each school on the date established during recruitment.  
The field team consisted of a HVAC technician and two environmental field technicians 
who usually arrived at the school 30 minutes before classes started.  For Phase II 
monitoring, a TSI Q-Trak CO/CO2/Temperature/Relative Humidity monitor was setup in 
each of four classrooms pre-selected.  Alternate classrooms were also pre-selected and 
utilized in the event that a classroom was on a fieldtrip or otherwise not being used on the 
day of the site visit.  For Phase III monitoring, the TSI Q-Trak CO /CO2 /Temperature 
/Relative Humidity monitors were setup in each of two pre-selected classrooms.   
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Table 3-3:  Summary of Equipment and Data Collected 
 
Data Collected Reporting Values Make Model Uncertainty / Detection Limit 
Temperature (T) 32 - 140°F 
TSI 
Incorporated 
Q-Track 
Model 7565 
±1.0°F 
Relative 
Humidity (RH) 0 - 95% RH ±3% RH 
Carbon Monoxide 
(CO) 
0 - 500 parts per 
million (ppm) 
±3% of reading or 3 
ppm 
Carbon Dioxide 
(CO2) 
0 - 5,000 parts per 
million (ppm) 
±3.0% of reading or 
±50 ppm 
Total Mold 
(airborne) 
Total Spore 
Count, Count/m3 
Zefon 
International 
Air-O-Cell 
Cassette 
#AOC010 
1/V = 6.67 cfu/m3 
Culturable Mold 
(airborne) CFU (Colony 
Forming Units) & 
CFU/m3 
Andersen 
Instruments 
N6 Single 
Stage Sampler 1/V = 8.85 cfu/m
3 
Culturable 
Bacteria 
(airborne) 
Culturable Mold 
(surface) 
CFU/Swab, 
CFU/cm2 
Aerotech 
Laboratories, 
Inc. 
AeroSwab       
#012-2076-00 
Varies by species:    
(Raw Count x 
11.5)/0.025 
 
Throughout the day during Phase II, the research team investigated and completed 
the school grounds, classroom, and HVAC walk-through forms.  For Phase III, 
microbiological samples were obtained in each of the pre-selected classrooms during 
both occupied and unoccupied times.  Digital photos were taken of each classroom to 
record its condition at the time of the site visit as well as the location of the monitoring 
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equipment.  TSI Q-Trak monitors were collected from the classrooms a minimum of 
thirty minutes after the children had left for the day.  
 
3.2.3  Pilot testing of Methods 
The field data collection methods were tested and revised with two iterations.  
The field collection protocols were prepared and reviewed to be consistent with industry 
standards, laboratory recommendations, testing procedures and sampling guidelines.  The 
protocols were then tested in one G District school, revised and re-tested in another G 
District school.  Neither school was among the schools selected for the study. The 
methods, procedures, and protocols were developed and tested to ensure that all 
individuals were collecting data in a consistent manner.  The individuals also completing 
the qualitative walk-through forms (classroom and school grounds) were trained as a 
group on each of the test campuses to create a consistent evaluation and recording of 
data. 
 
 
3.3 QUESTIONNAIRES AND DATA COLLECTION FORMS 
Four questionnaires and data collection forms were developed for Phase I of the 
study. The Texas Department of Health and environmental consultants provided insight 
about information that would be useful to request and the presentation of the forms.  The 
forms were revised following trial runs at test schools to ensure that pertinent information 
could be obtained in relatively short periods of time.  The questionnaires were also kept 
brief to promote a high response rate since participation was strictly voluntary.   A letter 
from the research team was sent out along with the survey materials, which explained the 
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purpose of the study, completion deadlines and encouraged participation.  The research 
team requested that the principals at each school copy and distribute the letter or provide 
a letter of their own which explained the study and informed participants of deadlines.  
See Appendix A for a copy of the letter, questionnaire form, and data collection forms. 
 
3.3.1 Teacher/Staff Questionnaire 
 The Teacher/Staff Questionnaire was used to obtain information about the 
perceived environmental quality of classrooms and work areas of the responder.  
Teachers, teacher’s aides, administration and staff were asked to complete the 
questionnaires prior to Phase I activities.  Only classrooms in which a questionnaire was 
completed were selected for Phase II and Phase III activities.   The questionnaires were 
divided into five sections: 1) Respondent Information, 2) General Room Information, 3) 
Information Specific to Your Work Room, 4) Observations and Perceived Quality, and 5) 
General Health Symptoms.  
 Questionnaires were distributed to all administrators, teachers, teacher aides, and 
staff for each school selected for Phase I.  Approximately 100 questionnaires were sent to 
each school to ensure that plenty of forms would be available.  1336 questionnaires were 
received and analyzed for the TESIAS of which 883 (66%) were completed by teachers.  
A questionnaire response rate cannot be calculated because the number of individuals 
receiving questionnaires is unknown.  Of the questionnaires received, 169 (12.7%) were 
from portable classrooms. 
 The questionnaire was designed to fit on a one-page (front and back) Scantron 
sheet to improve the likelihood of response.  The Questionnaire was designed to consume 
no more than 10 minutes of staff time to complete.  The first section, Respondent 
Information, asked for general information about the respondent such as age range, 
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gender, job category, years at present school, and total years in K-12.  The second 
section, General Room Information, queried for information about the type of space, if it 
was a portable building, and typical number of students occupying the space.  The third 
section, Information Specific to Your Work Room, asked the respondent to provide 
information about the type and condition of the finish materials, room contents, 
maintenance history, water leaks, pets, renovations, air freshener and candle use, and 
pesticide use.  The fourth section, Observations and Perceived Quality, asked the 
respondent to indicate the frequency of several common odors as well as characterize the 
overall quality of the room environment.  Finally, the fifth section, General Health 
Symptoms, asked the respondent to indicate the frequency of several common symptoms 
associated with indoor environmental issues (as well as some not typically associated 
with indoor environments).  In addition, the respondent was asked to determine which, if 
any, symptoms occur more frequently at home than at work as well as which symptoms 
have affected students most during the past month.   
 
3.3.2 Telephone Follow-up 
Research staff conducted telephone follow-up calls concerning missing 
questionnaires.  A tracking sheet was used to identify all of the questionnaires missing 
from classrooms in which walk-throughs were completed.  Questionnaires were re-
distributed to the classrooms in an effort to obtain this missing data. 
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3.3.3 Walk-through Forms  
Three walk-through surveys were utilized during Phase II to document the 
materials, design, condition and cleanliness of the school grounds, classrooms, and the 
HVAC system for each classroom selected.   
 
Classroom Walk-Through Form 
The classroom walk-through form was used by the research team to inventory the 
building materials and contents of the classrooms.  Data were collected to characterize 
the materials and condition of the ceiling, floor, interior walls, exterior walls, HVAC 
equipment, classroom contents, environmental modifiers and the indoor environment.  
Among the specific items inspected were water stains, mold, air fresheners, candles, 
pesticides and traps, odors, general cleanliness, and lighting quality.  Classroom walk-
through forms were completed for eight classrooms from each school, four of which were 
also continuously monitored all day for CO2, temperature and relative humidity.  All of 
the classrooms randomly selected for walk-through forms were also classrooms in which 
a completed questionnaire was obtained from a teacher or teacher’s aide. 
 
HVAC Walk-Through Form 
 The HVAC walk-through form was completed by the research team in tandem 
with the classroom walk-through form.  The HVAC walk-through forms were completed 
to collect data specific on the HVAC systems servicing each of the eight classrooms 
inspected.  HVAC systems were inspected and characterized to determine system type, 
outside air intake, filters and ducts. 
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School Grounds Walk-Through Form 
 The school grounds walk-through form was used by the research team to 
characterize the materials and condition of each school in general terms.  Items 
characterized include a description of the campus, indoor environment, kitchen, cafeteria, 
and janitor’s closet.  Specific information gathered included the building age, number of 
stories, recent or ongoing renovations, presence and number of portable buildings, 
common area finish materials, lighting, barrier mats, cleanliness, maintenance closet 
chemical storage and ventilation, soil erosion, site drainage, gutters and downspouts. 
 
 
3.4 ENVIRONMENTAL SAMPLING 
3.4.1 Phase II Monitoring 
Monitoring in Phase II was performed on four randomly selected (of the 8 that 
were already selected) classrooms from each school.  Phase II monitoring was limited to 
temperature, relative humidity, carbon monoxide and carbon dioxide, all of which were 
measured and logged using a TSI Q-Trak monitor.  Units were placed in classrooms in 
the morning before arrival of students and removed a minimum of thirty minutes after 
student dismissal at the end of the school day.  Figure 3-2 shows a typical placement of 
the TSI Q-Trak monitor within a classroom at least 3 feet away from any wall.  The 
monitors were always placed on the same size and model step ladder to approximate the 
breathing zone of a seated child.  Spot checks were performed with a fifth instrument to 
measure the outside levels in both the morning and afternoon, and inside levels during 
walkthroughs.  Each TSI Q-Trak monitor was calibrated by the factory once within the 
calendar year and monthly by the field research team.  Monthly calibration was 
  45
performed for CO2 using both zero CO2 air and a span gas concentration of 1000 ppm.  
Additional monthly calibration was performed for CO using both zero CO air and a 
cylinder containing a 35 ppm concentration of CO. 
 
 
Figure 3-2:  Typical TSI Q-Trak Monitor Setup within a Classroom 
 
3.4.2 Phase III Monitoring 
The classrooms selected for Phase III were also continuously monitored for 
carbon dioxide, carbon monoxide, temperature and humidity using the TSI Q-Trak 
monitor.  Microbial sampling was performed in the morning prior to occupancy and once 
during an occupied time of the day as described below.  Identical bioaerosol sampling 
was performed during both unoccupied and occupied periods.  This sampling included 
one total fungal sample collected by impaction cassette and a hand-held pump.   
For comparison, outdoor bioaerosol samples of total fungi, viable fungi, and 
viable bacteria were collected in both the morning and afternoon.  In addition, duplicate 
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samples, field blank samples and two separate commercial labs were utilized for quality 
control purposes. 
Some species are not readily cultured and can be missed using viable sampling.  
Also, it is not possible to sample for nonviable microorganisms only.  Because both 
viable and nonviable microorganisms can affect humans, and because each can provide 
information about the physical history of the environment, it is generally desirable to 
sample for both types of organisms where possible.  Therefore, a method used in 
conjunction with viable air sampling is to collect all (viable plus nonviable) 
microorganisms, or the total number of microorganisms present in the air sample.  The 
numbers of microorganisms that are captured on the slide are counted and the results are 
reported as counts (of microorganisms) per cubic meter of air sampled, count/m3.  
 
Culturable Airborne Microorganisms 
The Andersen N6 single stage sampler was placed on a tripod and the legs were 
locked in the same position so that the sample height from the floor would be the same 
for all samples taken during the study.  The sample height was an approximation of the 
breathing zone for a seated child.  High volume air pumps were used to draw air through 
the Andersen N6 single stage sampler at a rate of 28.3 L/min; all samples were collected 
for 4 minutes, and a total volume of 113 liters was collected.  The culture plate used was 
a Malt Extract Agar. Samples were sent to the laboratory via overnight delivery to 
eliminate delay in the culturing process that could kill viable spores and lessen the culture 
quantity. After the culture plates are incubated, the numbers of colonies that have 
cultured on the plate are counted. 
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Total Airborne Microorganisms 
Total mold was sampled similar to the viable mold sampling.  A Zefon Air-o-cell 
cassette for sampling total mold was placed on a tripod for consistent sample height.  The 
sample height was the same as for viable mold.  High volume air pumps were used to 
draw air through the Zefon Air-o-cell cassette at a rate of 15 L/min.  All samples were 
collected for 10 minutes and a total volume of 115 liters was collected.  Again, one total 
mold sample was collected from each Phase III classroom and one outdoor sample was 
collected at each school. 
 
Surface Sampling 
Surface samples were collected on both horizontal and vertical surfaces.  
Horizontal surfaces typically consisted of a window sill, desk, table, or the floor.  
Baseboards were typically used for vertical sampling surfaces.  Both swab and tape 
samples were collected from each classroom in Phase III on both a vertical and horizontal 
surface, for a total of four surface samples per classroom.  Viable surface samples were 
collected using a sterile AeroSwab provided by the laboratory.  Samples were obtained 
by rolling the swab tip along the desired surface using a template with a known area.  
Total mold tape samples were also collected on both a horizontal and vertical surface, 
placed in a sealable bag and sent to the laboratory for analysis.  No specific unit of area 
was used for the tape samples. 
Microbial samples from surfaces can be obtained using a sterile swab or clear 
tape.  Sterile swabs are used by collecting a sample from the surface of the material and 
inoculating a culture plate, which is then incubated and examined for viable fungus or 
bacteria.  Tape samples are obtained using clear transparent tape applied to the surface to 
remove a sample of material, which is then examined microscopically.  This allows the 
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identification of slow growing fungus with distinct morphological characteristics that do 
not culture well in comparison to other fungus.  
 
 
3.5 DATA PROCESSING 
Data collected from each day of school monitoring was immediately saved on a 
computer designated for the TESIAS project.  The data were initially stored in electronic 
files in the original data formats.  Once initial questionnaires had been returned from all 
schools, they were all sent to the University of Texas Measurement and Evaluation 
Center for “scanning” and downloading responses into a database. 
 
3.5.1 Processing Scannable Instruments 
Programmers at the Measurement and Evaluation Center at the University of 
Texas at Austin created the Scantron questionnaire and tested the form to ensure that data 
would be collected and attributed correctly.  Data were collected and stored in a database 
that was then transferred into SPSS, Microsoft Excel and Microsoft Access databases. 
 
3.5.2 Processing Instruments for Data Entry 
Paper and pencil questionnaires were manually entered into a Microsoft Access 
database.  The database was printed and reviewed against the original forms by at least 
two research personnel for quality assurance. A codebook was developed prior to 
creation of the SPSS database to identify each of the questions and sub-questions. 
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3.5.3 Preparation of School-level Analysis Files 
Both hard copy and electronic files were developed for the participating schools.  
A hard copy file was assigned for each school according to the school code assigned for 
the study.  Data stored in the file include school contact information, school site plan, 
school grounds walk-through forms, classroom walk-through forms, TSI Q-Trak 
CO/CO2/Temperature/Relative Humidity monitor data printouts, picture disks, and lunch 
and special activities schedules. 
An electronic file was also created to store pictures taken from a digital camera 
and TSI Q-Trak CO/CO2/Temperature/Relative Humidity monitor data.  These files were 
further subdivided into classroom-level files as indicated below. 
 
3.5.4 Preparation of Classroom-level Files 
Classroom level files were only established in electronic form.  These files stored 
data for pictures taken from a digital camera, continuous measurement (T, RH, CO2, CO) 
spreadsheet data and microbiological spreadsheet data. 
 
 
3.6 QUALITY CONTROL ANALYSES 
The Quality Control (QC) data were collected for the Phase III quantitative 
microbial data only.  No other measurements obtained during the study required human 
analysis and were therefore not subject to human error. In addition, the sample media can 
be contaminated or otherwise compromised prior to sampling and quality assurance can 
identify or control for any discrepancy in data that would otherwise be relatively the 
same.  These data were of two fundamental types, blank samples and duplicate samples. 
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Blank Samples 
One viable mold field blank and one viable bacteria blank were collected from a 
classroom in each school during Phase III.  The time and location of the field blanks 
varied; they could be taken from either an occupied or unoccupied classroom in the 
morning or afternoon.  The mold and bacteria field blanks were not required to be taken 
at the same time.  Blank samples were collected and analyzed to ensure that 
environmental samples were not contaminated during the data-collection process.  A field 
blank is a sample media that is subjected to all aspects of sample collection, field-
processing preservation, transportation, and laboratory handling as an environmental 
sample.   
Duplicate Samples 
Similarly, one viable mold duplicate and one viable bacteria duplicate were 
collected from a classroom in each school during Phase III.  Again, the time and location 
of the duplicates varied and were not required to be taken at the same time.  These 
replicate samples are a set of environmental samples collected in a manner such that the 
samples are thought to be essentially identical in composition to the environmental 
samples.  
 
3.7 STATISTICAL ANALYSIS METHODS 
Independent sample t-tests (2-tailed) were used to compare means between school 
districts for several of the research objectives and hypotheses provided in Table 3-4 and 
Chapter 1.  The table shows the type of data available for analysis for each objective and  
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Table 3-4:  Summary of Research Objectives and Data Analysis Strategies 
Research Objective Data Types Statistical Analysis Approach 
1 Characterize perceptions of classroom environments Questionnaire 
Summary statistics and frequency 
distribution allowed for comparisons of the 
data and identification of trends and 
population tendencies.  The results were 
used to determine the percentage of schools 
or classrooms meeting industry standards 
as well as comparison to previous studies 
and literature.  
 
 
Parametric (t-test and ANOVA) and 
nonparametric tests (Mann-Whitney and 
Kruskal-Wallis) were the means of 
exploring potential correlations and 
associations between parameters; both 
qualitative and quantitative.  Means of two 
parameters were compared for significant 
differences in order to accept or reject the 
Null Hypotheses outlined in Chapter 1. 
2 
Determine the primary 
sources of water incursion 
reported 
Questionnaire 
 
Walk-thru Forms 
3 Evaluate the visible mold reported in classrooms 
Questionnaires 
 
Viable and  
non-viable  
mold concentrations 
4 
Analyze measured HVAC 
performance and characterize 
perceptions of air movement, 
moisture, and temperature in 
the classroom 
Questionnaire
 
Continuous 
measurements  
(CO2, T, RH) 
 
Walk-thru Forms 
5 Evaluate the general health symptoms reported Questionnaire 
 
 
the statistical methods applied to test the specific null hypotheses.  Portable and 
traditional classrooms were also compared using the independent sample t-tests (2-
tailed). Statistical significance was determined to occur at α = 0.05.  For the purposes of 
statistical analysis, it was assumed that each of the two groups measured had an 
approximate normal distribution and roughly similar variances. 
Secondary analyses were conducted for parameters with multiple responses that 
could not be calculated as a single mean and thus were tested using ANOVA.  The same 
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criteria for statistical significance (α = 0.05) was used.  ANOVA tests were only used 
when exploring causal mechanisms for the hypotheses listed in Chapter 1.  
For comparisons of parameters that involved data that was non-normally 
distributed, nonparametric tests were utilized.  The Mann-Whitney test was used as a 
nonparametric equivalent to the independent samples t-test and the Kruskal-Wallis test 
was used as a nonparametric equivalent to the ANOVA test.  The Levene test for 
variance was used to determine if the parameters being compared had equal variances 
assumed by parametric tests.  For cases that did not have equal variances, the p-values 
calculated with tests that did not assume equal variances. 
In addition to the results of the data collection and hypotheses tests, Chapter 4 
presents further exploration of the results are performed through secondary analyses and 
discussion.  Descriptive statistics and frequency distributions presented also allow for 
discussion of trends and differences between school districts and between classroom 
types. The assumptions of the statistical methodology and process of testing hypotheses 
are discussed further at the end of Chapter 4.
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Chapter 4: Results and Discussion 
 
This chapter discusses the results from analysis of the quantitative and qualitative 
data obtained during the Texas Elementary School Indoor Air Study.  The results are 
organized in accordance with the research objectives summarized in Chapter 1 and Table 
3-4 of Chapter 3.  Tables 4-1 and 4-2 provide summaries of the schools and classrooms 
sampled for this investigation.  Of the 1336 questionnaires received, 170 (12.7%) were 
from portable classrooms.  Phase II of the investigation included 116 randomly selected 
classrooms, 14 (12.2%) of which were portable classrooms.  Data from one portable 
classroom was discarded because a student turned off the monitor after 16 minutes.  
Therefore, the final count of Phase II classrooms was 115 including 13 portable 
classrooms.  Phase III of the investigation included 19 classrooms, however the 6 B 
District classrooms were discarded because the laboratory erred in the analysis and 
reporting of data.  Therefore, a total of 13 classrooms including 2 (15.4%) portable 
classrooms were sampled in Phase III. 
 
4.1 OVERVIEW OF QUESTIONNAIRE RESPONDENTS AND CLASSROOM 
CHARACTERISTICS  
Before examining the hypotheses in the sections that follow, this section presents 
an overview of questionnaire results (n=1336). These results provide a better 
understanding of the population supplying the data and characteristics of their room 
  
Table 4-1: Summary of B District Schools and Classroom Sampled 
District School Code 
Age 
(2008) 
No. of 
Questionnaires 
Classroom Type Phase II Classrooms Phase III Classrooms Roof Pitch 
Portable Traditional Portable Traditional Portable Traditional Flat Roof 
Pitched 
Roof 
B - 
Border 
District 
B01 32, 28, 23 40 3 37 0 4 None 37 3 
B02 81, 23 44 0 44 0 4 None 44 0 
B03 83, 23, 11 50 12 38 1 3 0 2 21 29 
B04 9 54 0 54 0 4 None 53 1 
B05 83, 9 42 4 38 None None 42 0 
B06 29, 23, 10 72 0 72 0 4 0 2 12 60 
B07 53, 45 29 0 29 0 4 None 3 26 
B08 16 72 4 68 0 4 None 0 72 
B09 28, 13 66 11 55 0 4 None 6 60 
B10 51, 33, 23 66 9 57 1 3 0 2 55 11 
SUBTOTAL 535 43 492 
2 34 0 6 
273 262 
36 6 
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Table 4-2: Summary of G District Schools and Classrooms Sampled 
District School Code 
Age 
(2008) 
No. of 
Questionnaires 
Classroom Type Phase II Classrooms Phase III Classrooms Roof Pitch 
Portable Traditional Portable Traditional Portable Traditional Flat Roof 
Pitched 
Roof 
G - 
Central 
Texas 
District 
G01 51 34 3 31 0 4 None 0 34 
G02 37, 11 40 5 35 1 3 0 2 35 5 
G03 36, 12 38 9 29 1 3 None 29 9 
G04 75, 9 36 0 36 0 4 None 36 0 
G05 39, 18, 10 41 11 30 1 3 1 1 26 15 
G06 8 39 0 39 0 4 0 1 39 0 
G07 72 39 2 37 0 4 0 2 39 0 
G08 60 36 4 32 0 4 0 1 32 4 
G09 44,9 44 13 31 1 3 1 1 31 13 
G10 17 19 4 15 1 3 None 15 4 
G11 32 69 16 53 1 3 None 53 16 
G12 28, 11 27 9 18 1 3 None 18 9 
G13 46 28 9 19 0 4 None 19 9 
G14 38, 16 74 14 60 1 3 None 60 14 
G15 15, 9 43 1 42 0 4 0 2 42 1 
G16 53 21 7 14 0 4 None 14 7 
G17 17 47 10 37 1 3 0 1 37 10 
G18 53 31 5 26 1 3 None 0 31 
G19 22 41 5 36 1 3 None 31 10 
G20 11 54 0 54 1 3 None 54 0 
SUBTOTAL 801 127 674 
12 68 2 11 
610 191 
80 13 
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environment. Females (88%) dominated the population of respondents, and the majority 
of the respondents were teachers and teacher’s aides (81%).  Most respondents (60.6%) 
were between the ages of 30 and 49.  The percentage of respondents dropped 
significantly for individuals with 5 – 9 years of experience in both their current school 
and in all K-12 school experience.  The data suggest that there may be an attrition of 
teachers following their 5th year of work.  Although there are many reasons for 
individuals leaving the workforce, an examination of factors regarding the work 
environment and employee health as potential contributors to attrition may be important.  
In addition to examining factors related to the rate of attrition, the respondent data further 
compares gender, age, and work experience subsets.  The discussion below presents these 
secondary analyses.  
The questionnaires (n=1336) also provided information about the classroom 
characteristics. Classrooms were the majority (75.5%) of work areas reported on the 
questionnaires.  This is consistent with the respondent job functions.  Also, traditional 
classrooms (86.9%) were far greater in number than portable classrooms (13.1%).  A 
high percentage of respondents (35.1%) indicated that they had only been in their current 
room or area for less than one year.  The majority of rooms (81%) had an exterior wall or 
a wall that is shared with the outdoors.  An exterior wall may either positively influence 
(higher ventilation) or negatively influence (increased likelihood of condensation and 
water leaks) indoor air quality.  The following sections further explore comparisons of 
these rooms with exterior walls to rooms without any exterior walls.  They investigate 
perceptions of indoor environment, air movement and temperature as well as reported 
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water leaks, CO2 concentrations, temperature, relative humidity, indoor/outdoor mold 
concentrations, and health symptoms are explored below.   
Respondents may perceive classrooms as having a better indoor environment 
because of the reduced airborne fungal concentrations associated with carpet, as shown in 
Table 2-1 of Chapter 2. The majority of the rooms (70%) had some portion of the room 
covered by carpet or rug flooring.  Additional explorations compare perceptions of 
respondents in rooms with carpet to perceptions of respondents in rooms without any 
carpet or rug flooring, as were such factors as indoor environment, indoor/outdoor mold 
concentrations and health symptoms.   
Vinyl wallpaper on exterior walls may negatively affect indoor mold 
concentrations.  Moisture in the air may condense on the impermeable surface of the 
vinyl wallpaper, providing conditions conducive to mold growth.  Systems such as vinyl 
wallpaper clad exterior walls, promote mold growth and may negatively impact occupant 
health. Therefore, this chapter includes a secondary evaluation of rooms with vinyl 
wallpaper on the exterior wall to those without wallpaper against the indoor/outdoor mold 
concentrations and health symptoms. 
 
4.2 OCCUPANT PERCEPTION OF CLASSROOM ENVIRONMENTS 
Respondents provided data related to perceived environmental quality of the room 
being occupied in section four of the questionnaire (n=1336), and the data were used to 
evaluate Objective 1.  This section presents and discusses the Hypotheses 1A and 1B test 
results concerning perception of classroom environments.  Hypothesis 1A states that the 
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perception of the indoor environment will be the same between the two school districts.  
The two school districts are located in different geographical and hygrothermal regions in 
Texas.  Hypothesis 1B assumes equality of mean perception of the indoor environment 
between portable and traditional classrooms.  Following the discussion of the tested 
hypotheses, this section further explores relationships between room environment 
perception and other parameters.  Finally, the study introduces distributions of the 
perceived room environment data and discusses reasons for similarities or differences. 
Perception by the occupants provides a qualitative look at the space being occupied and 
an opportunity to evaluate relationships between qualitative and quantitative data for the 
same space.  
In order to test Hypothesis 1A, the study compared the mean room environment 
ranking between school districts to identify any significant differences.  The greater mean 
value for the B district as shown in Table 4-3 represents an overall worse ranking of the 
room environment than for the G district.  The hypothesis test rejects the null hypothesis 
that the perceived room environment was the same for both school districts.  Therefore, 
the study provides a significant difference in perceived room environments between 
school districts.  The test for Hypothesis 1B compares the mean room environment 
ranking between portable and traditional classrooms.  They hypothesis test fails to reject 
the null Hypothesis 1B that the perceived room environment was the same for both 
portable and traditional classrooms. 
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Table 4-3: Perceived Room Environment Mean Reported Ranking Comparisons 
 
      N Mean Ranking P 
Room Environment 
  School District 
    B 517 2.78 
0.000* 
    G 757 2.52 
  Classroom Type 
    Portable 164 2.63 
0.863 
    Traditional 1072 2.62 
 
 
Figure 4-1 shows the cumulative distribution of “Excellent” responses on a five-
point scale by questionnaire respondents asked to evaluate their room environment.  Only 
two schools (<10%) had greater than 30% of the respondents indicating that they had an 
excellent room environment.  Approximately 60% of the schools had less than ten 
percent reporting classrooms with an excellent room environment. One school had no 
excellent responses. 
Secondary analyses of questionnaire data (n=1336) explore other factors that may 
be linked to the perception of room environment.  Factors for comparison included 
perception of air movement and temperature, CO2 concentrations, temperature, relative 
humidity, indoor/outdoor mold concentrations, work experience, carpet, odor and health 
symptoms.  The following variables indicated significant differences: 
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Figure 4-1:  Percent of “Excellent” Room Environment Responses by School (n=30) 
 
work experience, work area experience, odor and carpet.  As the level of K-12 work 
experience increased, occupant ranking of the room environment significantly (p=0.001) 
declined or worsened.  Similarly, the room environment ranking significantly (p=0.000) 
worsened as the work experience in the current work area or room increased.  These 
results might be due to individuals with greater experience having greater confidence in 
reporting negatively on the classroom environment.  The results also suggest that greater 
familiarity and history within an area will yield more negative responses by the 
occupants. Time and familiarity will aid in the accumulation of negative events and will 
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therefore result in a worse perception of the room environment.  This presents an issue of 
whether it is prudent to take the average room environment response or give greater 
weight to responses with more experience.  The argument in favor of the average 
response suggests that greater experience can be negatively biased in the same manner 
that inexperience shows a bias for positive responses.  Therefore, this dissertation chose 
to evaluate based upon the average response without any weighting for experience.   
In rooms containing carpet, the mean room environment ranking was significantly 
(p=0.016) worse compared with rooms containing no carpet.  However, a further 
evaluation of the mean I/O ratio of mold concentrations for rooms both with and without 
carpet failed to provide any significant results.  While the small sample size (n=12) may 
have prevented significant results, the rooms without carpet actually had a greater mean 
I/O ratio than rooms with carpet.  These results are in agreeance with the findings of 
Berry (2004) that airborne concentrations of mold are greater for non-carpeted areas.  
Carpeted areas experience less airborne concentrations because carpet acts as a sink and 
allows for greater deposition then hard surfaces.  Based upon conversations with teachers 
during the field phases of the investigation, there are numerous ancillary non-
environmental reasons why carpet may be perceived as a factor contributing to a better 
room environment.  Teachers noted that carpet in their classroom provided an 
environment that was quieter, more comfortable, and warmer for students sitting on the 
floor. Therefore, positive room environment responses cannot be directly attributed to 
lowered airborne concentrations of mold typically associated with carpet.   Later sections 
in this chapter present the results for the correlation between carpeted rooms and reported 
health symptoms which contradicts Berry (2004). 
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Odors were also shown to have an adverse effect on the perceived room 
environment.  For 13 of the 15 odors surveyed from the questionnaire data set (n=1336), 
the mean room environment ranking was significantly (p=0.00) lower in rooms where 
odors were reported more frequently.  Information gained from the questionnaire results 
further illuminates issues related to odors and odor masking.  Odors in the classroom 
bothered 45% of teachers and 55% of students (as reported by teachers). For teachers that 
completed the questionnaire, 30% indicate that they use spray air fresheners, 19% use 
plug-in air fresheners, and 8% use scented candles.  Based on the questionnaire data set 
(n=1336), the frequency of all health symptoms reported significantly (p=0.000) 
increased as the frequency of odors reported increased.  For example, the frequency of 
nasal symptoms, throat symptoms, eye symptoms, and headaches was significantly 
greater in rooms reporting odors.  This result could either be attributed to an individual’s 
sensitivity to odors and all general health symptom sensitivity or the odors act as an 
indicator of poor ventilation, which leads to greater frequency of general health 
symptoms.  However, there were no significant differences between CO2 concentrations 
and the frequency of all the different reported health symptoms.  The study also 
compared odor responses to CO2 concentrations, as well as to I/O mold ratio. The 
comparisons failed to provide any additional significant findings.  Therefore, odors are 
not simply a byproduct of the correlation between poor ventilation (as indicated by CO2 
concentrations) and reported health symptoms. Odors may be independently correlated 
with reported health symptoms.  Also, the lack of correlation between mold and odor 
suggests that odors again are correlated with health symptoms independent of mold. 
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4.3 WATER INCURSION 
This section presents and discusses the water leak hypotheses (2A and 2B), as 
well as the water stain hypotheses (2C and 2D).  Hypothesis 2A assumes equality of 
means for the reported percentage of water leaks between school districts and Hypothesis 
2B assumes equality between classroom types.  Similarly, Hypothesis 2C states that the 
reported percentage of water stains will be the same between school districts and 
Hypothesis 2D assumes equality between classroom types.  Following the discussion of 
the tested hypotheses, this section also explores possible associations between water leaks 
or water stains and other parameters.  Finally, this section examines distributions of the 
reported water leak and water stain data and discusses reasons for similarities or 
differences.   
The questionnaires (n=1336) reported roof or skylight leaks (19.5% of 
respondents) and plumbing leaks (10.1%) as the most frequent source of water leaks.  Of 
secondary concern are window leaks (4.7%) and flooding (5.5%).  Tables 4-4 and 4-5 
show a summary of the comparisons of the mean values for water leaks and water stains.  
With regard to water leaks, the comparisons of reported data (n=1336) reject the null 
Hypothesis 2A that reported water leaks would be the same for both districts. The mean 
of leaks reported was higher in the G district for all categories except roof leaks, in which  
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Table 4-4: Water Leaks Reported Mean Comparisons 
   N Mean  Fraction p 
Flooding 
 School District 
  B 380 0.05 
0.000* 
  G 175 0.31 
 Classroom Type 
  Portable 64 0.09 
0.306 
  Traditional 470 0.14 
       
Leaky Windows 
 School District 
  B 374 0.05 
0.000* 
  G 171 0.27 
 Classroom Type 
  Portable 62 0.02 
0.007* 
  Traditional 463 0.13 
       
Leaky Pipes 
 School District 
  B 298 0.13 
0.000* 
  G 158 0.61 
 Classroom Type 
  Portable 50 0.42 
0.049* 
  Traditional 390 0.28 
       
Leaky Roof 
 School District 
  B 535 0.27 
0.000* 
  G 801 0.14 
 Classroom Type 
  Portable 169 0.08 
0.000* 
    Traditional 1117 0.21 
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Table 4-5: Water Stains Reported Mean Comparisons 
    N Mean  Fraction p              
Window Sills 
  School District 
   B 535 0.04 
0.114 
   G 801 0.06 
  Classroom Type 
   Portable 169 0.04 
0.562 
   Traditional 1117 0.05 
        
Walls 
  School District 
   B 535 0.1 
0.001* 
   G 801 0.05 
  Classroom Type 
   Portable 169 0.03 
0.047* 
   Traditional 1117 0.07 
        
Ceiling 
  School District 
   B 535 0.28 
0.006* 
   G 801 0.21 
  Classroom Type 
   Portable 169 0.2 
0.248 
   Traditional 1117 0.24 
        
Carpet 
  School District 
   B 535 0.13 
0.000* 
   G 801 0.07 
  Classroom Type 
   Portable 169 0.07 
0.198 
    Traditional 1117 0.1 
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the B district had a higher mean of reported leaks.  These particular correlations are based 
on the questionnaire data set (n=1336). 
The higher reported frequency of roof leaks in the B district may be attributable to 
the greater number of classrooms without ceiling tiles.  This speculation is based on 
Phase II field observations and further exploration of the questionnaire data set (n=1336). 
In classrooms without ceiling tiles, roof leaks would be noticeable as water dripping from 
the roof.  In contrast, roof leaks avoid detection in classrooms where the dripping water is 
absorbed by the ceiling tiles or only reported as stains.  Additional analysis tests this 
assumption and reports a significant (p=0.012) association between the percentage of 
classrooms reporting roof leaks (n=1336) and the presence of ceiling tiles.  Forty percent 
of the B district schools had classrooms without ceiling tiles compared with no schools in 
the G district.   
Additionally, classrooms with steel ceiling beams continuous to the outdoors were 
compared to classrooms without beams.  Steel beams without a thermal break may 
promote condensation on the beam and thus be falsely identified as a roof leak.  
Continuous steel beams were observed in traditional classrooms at 4 of the 30 schools.  
No significant differences were found for the means of reported roof leaks and water 
stains (n=1336) between school districts. 
The greater frequency of some reported water leaks in the G district may also be 
attributed to the greater average annual rainfall.  The average annual rainfall, according to 
the national weather service, for the B district (57.4 cm) is approximately 30% less than 
the G district (85.5 cm).  However, other factors such as maintenance practices, 
preventative maintenance, building age, building materials and installation practices may 
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also be largely responsible for the significant differences. Given the variation of buildings 
both within school districts and within school campuses, it is not possible to make any 
generalizations about specific design attributes that account for the significant differences 
between districts. 
Additional investigations of the data compare reporting values for the different 
water leaks and indoor/outdoor concentrations of mold.  The lack of significant findings 
again suggests that the small sample size (n=12) was insufficient to find any association 
between water leaks and measured mold concentrations. 
The B district data reports water stains in significantly greater frequency for 
ceilings and carpets, whereas water stains on the walls were significantly more frequent 
in the G district.  The hypothesis test rejects the null Hypothesis 2C that reported water 
stains (n=1336) are the same for both school districts.  The greater frequency of water 
stains in the B district is consistent with the greater frequency of reported roof leaks 
discussed previously.  This particular correlation is based on the questionnaire data set 
(n=1336). Therefore, roof design, roofing materials and maintenance may exert a stronger 
influence over the greater roof water incursion in the B district than previously attributed 
to the presence of ceiling tiles and local rainfall.  Based on Phase II field observations, 
the greater occurrence of carpet water stains in the B district may be attributed to the 
greater amount of roof leaks.  The carpet absorbs water from roof leaks that has dropped 
to the floor, especially in rooms without ceiling tiles that are more prevalent in the B 
district.  
The comparisons tested also reject the null Hypothesis 2B that the mean incidence 
of reported water leaks (n=1336) were the same for both portable and traditional 
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classrooms.  Traditional classrooms reported significantly more leaky roofs and windows.  
The hypothesis test also rejects the null Hypothesis 2D that reported severity of water 
stains are the same for both portable and traditional classrooms.  Traditional classrooms 
reported wall stains significantly more frequently than portable classrooms, and no 
significant differences were seen for other surfaces.    These particular correlations are 
based on the questionnaire data set (n=1336). 
The comparison of portable classrooms to traditional classrooms provides 
preliminary evidence to support an argument that pitched roofs perform better than flat 
roofs in preventing roof leaks.  This speculation is based on Phase II field observations 
that portable classrooms typically had simple pitched roof systems.  In contrast, 
traditional classrooms were often flat roof systems.  Further investigation of types of 
roofs and materials commonly used in each school district can also provide insight into 
best practices for school roofs.  In particular, an analysis of the performance of pitched 
roofs and flat roofs may provide statistical evidence of which roof system performs better 
in terms of mitigating roof leaks.   
As a secondary analysis, the study compared the type of roof, flat or pitched, to 
reported water leaks and water stains (n=1336).  While no significant differences were 
found for water leaks and water stains, a significant (p=0.022) difference was observed 
for the mean reported frequency of visible mold on the ceiling between flat and pitched 
roofs.  Flat roofs had a higher percentage of reported visible mold on the ceiling than 
pitched roofs.  This particular correlation is based on the questionnaire data set (n=1336).  
Because classrooms are often finished with acoustical ceiling tile or drywall on the 
ceiling as noted above, roof leaks avoid detection because small and infrequent amounts 
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of water are absorbed by building materials hidden from view of the occupants.  
Therefore based on Phase II field observations (n=116), visible mold on the ceiling is 
likely an indication of water incursion from a leak in the roof.  However, it is also 
possible that the water leaks may result from condensation or plumbing leaks.  During the 
study, field researchers observed ceiling stains and visible mold on the ceiling most 
frequently nearest the exterior wall of the classroom (See Figure 4-2).  This might 
suggest that roof leaks are most common in a roof system that fails to address water 
management at the intersection of the exterior wall.  Based on Phase II field observations 
(n=116), flat roofs display evidence of water incursion most frequently where they 
terminate at a parapet wall, or at the exterior wall without any overhang (See Figure 4-3). 
Similarly, field researchers observed increased evidence of water incursion on pitched 
roofs that terminated at the exterior wall without any overhang.  Field observations 
therefore suggest that investigating roof overhangs as they relate to roof leaks, ceiling 
stains, and visible mold on the ceilings may provide a better opportunity to establish a 
significant relationship.  Developing statistical support for the relationship between roof 
overhang and water incursion from roofs would strengthen recommendations for 
mitigating roof water incursion through the use of roof overhangs. 
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Figure 4-2:  Flat Roof School Building with Parapet Wall 
 
 
 
Figure 4-3:  Interior Acoustical Ceiling Tile Water Stains Along Exterior Wall 
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The questionnaire data (n=1336) indicated wall stains more frequently for 
traditional classrooms than portable classrooms, which could also be attributed to the 
absence of roof overhangs and a larger building footprint.  Small footprint buildings have 
a shorter required distance to shed water than larger footprint buildings.  Greater roof 
spans introduce greater opportunity for roof defects and sources of water incursion. 
Based on the Phase II field observations (n=14), free-standing small footprint classrooms 
(n=14) typically employ a low pitch roof with an overhang. This simple design may 
provide insight into the key elements that enable free-standing small footprint classrooms 
to benefit from significantly fewer incidents of water incursion from the roof or walls 
when compared to traditional classrooms (See Figure 4-4).   
 
  
 
Figure 4-4: Typical Free-Standing Small Footprint Classroom Buildings with Low Pitch 
Roof and Roof Overhangs 
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Fewer reported roof leaks in free-standing small footprint classrooms may be 
attributed to three factors.  The first factor is the pitched roof which prevents ponding or 
water accumulation on the roof.  The second factor is the low pitch of the roof which 
enables a steady and controlled rate of water runoff.  Lastly, the overhangs place the drip 
edge of the roof far away from the exterior wall which diverts water further from the 
building envelope and reduces the chances of water incursion. This speculation is based 
on field observations.  Of particular importance are roof materials, roof design and 
maintenance practices which may have a larger impact on reported roof leaks than the 
roof pitch or roof overhang. Free-standing small footprint classrooms also differ from 
traditional classrooms in the roof materials used.   They typically use asphalt roof 
shingles rather than built-up, metal or tile roofing that may also contribute to the 
significant difference.  However, this dissertation did not focus on this difference because 
of the variety of roof materials observed and the lack of roof material data. The field 
observations suggest that the design elements were more responsible for fewer roof leaks 
than roof materials.  All of the free-standing small footprint classrooms observed were 
constructed on-site and therefore differences are not attributed to manufacture location or 
manufacturing practices.  Additionally, the observed small footprint classrooms had a 
wide range of age and therefore differences are not attributed to building age. 
In addition to being the most commons source of water incursion into classrooms, 
roof leaks deserve special attention because of the potential health implications from such 
water incursion.  Secondary analyses of the questionnaire data (n=1336) investigate the 
correlation of roof leaks and ceiling water stains on reported occupant health.  As the 
frequency of roof leaks and ceiling water stains reports increased so did the frequency of 
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all reported health symptoms.  For example, the frequency of nasal symptoms, throat 
symptoms, eye symptoms, and headaches was greater in rooms reporting roof leaks than 
rooms not reporting water incursion from roof leaks.  These findings are consistent with 
the literature presented in Table 2-2 of chapter 2 that indicate increased moisture damage 
in buildings correlate to increased reported health symptoms. 
Figure 4-5 shows a cumulative distribution of schools reporting leaks. 
Approximately half of the schools reported at least 15% of classrooms with water leaks.  
Ten (1/3) of the classrooms had fewer than 10% of the classrooms reporting roof leaks.  
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 Figure 4-5:  Roof Leak Distribution by School (n=30) 
 
All ten schools reporting fewer than 10% roof leaks were from the G district and were 
composed of nine flat and one pitched roof.  The age of the ten schools also varied widely 
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with a range of construction years between 1955 and 2000.  Two schools from the 
distribution had over half of the classrooms reporting roof leaks.  One school had a flat 
roof and the other had a pitched roof.  Also, the two worst schools were from both 
districts.  Therefore, it appears that roof type and building age are not major contributors 
to roof leaks.  Further investigations of specific design elements, roofing materials, 
overhangs, flashing details, construction techniques, and maintenance practices may 
illuminate the causes associated with greater frequency of roof leaks. 
  
4.4 FUNGI 
This section presents and discusses Hypotheses 3A and 3B test results concerning 
reported visible mold.  Hypothesis 3A states that the reported percentage of visible mold 
is the same between school districts and Hypothesis 3B assumes equality between school 
districts. Following the discussion of the tested hypotheses, this section investigates 
relationships between visible mold and other parameters.  Finally, this section introduces 
distributions of the measured mold data and discusses reasons for similarities or 
differences. 
Questionnaire respondents (n=1336) reported visible mold in 26% of the 
classrooms.  The comparisons of the means shown in Table 4-6 indicate that visible mold 
was found significantly more frequently on the walls and ceilings of the B district 
Table 4-6: Visible Mold Mean Comparisons 
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   N Mean Fraction p              
Window Sills 
 School District 
  B 535 0.010 
0.007* 
  G 801 0.030 
 Classroom Type 
  Portable 169 0.020 
0.753 
  Traditional 1117 0.020 
       
Walls 
 School District 
  B 535 0.090 
0.001* 
  G 801 0.040 
 Classroom Type 
  Portable 169 0.020 
0.014* 
  Traditional 1117 0.070 
       
Ceiling 
 School District 
  B 535 0.080 
0.001* 
  G 801 0.040 
 Classroom Type 
  Portable 169 0.020 
0.022* 
  Traditional 1117 0.060 
       
Carpet 
 School District 
  B 535 0.010 
0.553 
  G 801 0.010 
 Classroom Type 
  Portable 169 0.000 
0.107 
    Traditional 1117 0.020 
 
reported for the B district. The G district also reports visible mold on the window sills 
more frequently, which is consistent with the greater frequency of reported leaky 
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windows.  Likewise, the the data rejects null Hypothesis 3B, that visible mold reported is 
the same for both portable and a traditional classroom.  Based on the questionnaire data 
set (n=1336), traditional classrooms reported visible mold on the ceilings and walls more 
frequently than portable classrooms. This finding is consistent with the greater frequency 
of leaky roofs and leaky windows reported in traditional classrooms. As a result of 
additional investigation, a significant (p=0.00) difference exists between the means of 
visible mold reported in classrooms with water leaks compared to classrooms without 
water leaks.  This particular correlation is also based on the questionnaire data set 
(n=1336).  A secondary analysis is needed to compare the indoor/outdoor ratios of mold 
in classrooms with visible mold to classrooms without visible mold.  However, no 
classrooms that reported visible mold were also sampled for mold, and thus no such 
comparisons could be performed. 
Three mold genera shown in Figure 4-6 were detected in greater than 90% of the 
classrooms sampled: Alternaria, Amerospores, and Cladosporium.  Pollen and Mycelial 
fragments (unidentified fungi) were also detected in most of the classrooms sampled.  
Three additional mold genera, Ascospores, Aspergillus  / Penicillium, and Basidiospores, 
were observed in greater than half of the classrooms sampled (n=12). Figure 4-7 shows 
the average total indoor classroom mold concentrations by mold genus.   Aspergillus, 
Penicillium, and Cladosporium dominated the indoor concentrations of mold genera. 
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Figure 4-6: Classrooms Where Total Mold Genus was Identified (n=12) 
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Figure 4-7:  Mean Classroom Total Mold Concentrations by Mold Genus (n=12) 
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However, the average Indoor/Outdoor (I/O) concentrations for each of most 
molds did not exceed unity, indicating that the average concentrations were greater 
outdoors than indoors (See Figure 4-8).  Amersospores, Aureobasidium, Chaetomium, 
and Stempnylium were the only four mold genera with an average indoor to outdoor ratio 
(I/O) greater than one.  Only one viable mold genus, Cladosporium, shown in Figure 4-9, 
was detected in greater than 90% of the classrooms sampled.  Penicillium was observed 
in approximately 70% the classrooms sampled, and Alternaria was present in 
approximately 50% of the classrooms sampled.   
 
 
0
0.5
1
1.5
2
2.5
M
yc
eli
al 
Fr
ag
.
Po
lle
n
Al
ter
na
ria
Am
ero
sp
or
es
Ar
thr
in
ium
As
co
sp
or
es
As
p. 
/ P
en
.
Au
reo
ba
sid
ium
Ba
sid
ios
po
res
Bi
po
lar
is
Ch
ae
to
mi
um
Cl
ad
os
po
riu
m
Cu
rv
ula
ria
Ni
gr
os
po
ra
Pi
tho
my
ce
s
Sm
ut
s
St
em
ph
yl
ium
Co
ni
dia
Mold Genus, Pollen, and Mycelial Fragments
C
on
ce
nt
ra
tio
n 
R
at
io
 (I
/O
)
 
Figure 4-8:  Average Indoor to Outdoor Total Mold Concentration Ratio (n=12) 
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Figure 4-9: Classrooms Where Viable Mold Genus was Identified (n=12) 
 
Figure 4-10 shows the average viable indoor classroom mold concentrations by mold 
genus.  Penicillium, Cladosporium and other genus not identified were the only genera 
detected with indoor concentrations greater than 10 cfu/cm3.  For total viable fungi 
concentrations, three genera of fungi exceeded their outdoor rank order contribution more 
frequently than any others.  The three were Penicillium sp. (33% during unoccupied 
periods/ 29% during occupied), Alternaria sp. (33% during unoccupied periods/ 17% 
during occupied), and Epicoccum sp (21% during unoccupied periods/ 17% during 
occupied).  Occupied viable fungi concentrations ranged between 71 cfu/m3 and 717 
cfu/m3, with a median value of 390 cfu/m3.  Unoccupied viable fungi concentrations 
ranged between 36 cfu/m3 and 576 cfu/m3, with a median value of 258 cfu/m3.  Bartlett  
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Figure 4-10:  Mean Classroom Viable Mold Concentration by Mold Genus (n=12) 
 
(2004b) reported a mean indoor concentration of 323 cfu/m3 in 39 elementary schools 
located in British Columbia, Canada, which is very similar to the value reported in this 
study.  Other values reported in the literature (see Table 2-5) range from 18 – 250 cfu/m3.  
The TESIAS mean viable indoor fungi concentration is considerably higher than the 
ranges presented in most of the literature.  This difference is likely attributable to the 
variations in geographical climate and outdoor fungi concentrations.   
With the exception of Cladosporium, all of the I/O ratios of the dominant viable 
molds shown in Figure 4-11 were greater than one (i.e. higher indoors than outdoors).  
These results contradict the total mold results, and confirm that air sampling results will 
vary widely based on the methodology employed.  In the ecology of any environment, 
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Figure 4-11:  Viable Mold Indoor/Outdoor Concentration Ratio by Mold Genus (n=12) 
 
 
there are living and dead organisms.  Living organisms include those biological structures 
that, although they may not be presently growing or multiplying, have the viability to do 
so under the appropriate conditions.  These samples are often referred to as culturable 
because they truly reflect the number of microorganisms that culture on the plate, which 
may or may not equal the number of viable microorganisms in the air stream sampled. 
Spores vary widely in their ability to grow and compete on particular laboratory media. 
This may result in an inaccurate characterization of the area sampled. Therefore, a 
complete sampling protocol for airborne mold in any environment uses both a culturable 
and non-culturable sampling method.  Thus, the inclusion of both total mold sampling 
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and viable mold sampling served the intended purpose of providing a more 
comprehensive quantitative picture of airborne fungi in the classroom environment.   
Secondary comparisons of indoor/outdoor ratios of mold in classrooms to water 
leaks were also performed in an effort to support the findings of the studies presented in 
Table 2-3 of Chapter 2, that mold concentrations were higher in moisture-damaged areas.  
No significant differences were found to support the previous studies.  However, the lack 
of significance in the TESIAS study is likely attributable to two factors.  The first factor 
is the small sample size (n=12) which limits the possibility of significant findings.  The 
second consideration is that the previous studies measured the same areas before and 
after moisture-damage repairs.  Such paired analyses controls for variation in facility age, 
maintenance, HVAC systems, geography, and other important factors.  However, this 
study was only able to compare mold concentrations across numerous factors of varying 
degree without a mechanism for control.  
Additionally, further analysis compared reported visible mold and health 
symptoms as well as microbial concentrations to CO2 concentrations to determine if 
ventilation has an effect on indoor microbial concentrations.  Based on the questionnaire 
data set (n=1336), the frequency of all reported health symptoms, including nasal 
symptoms, throat symptoms, eye symptoms, and headaches, significantly (p=0.000) 
increased as the frequency of visible mold reported increased. This finding agrees with 
the results presented by Sahakian (2008) in which excess health symptoms were found in 
schools with visible mold.  No significant findings concerning mold concentrations and 
ventilation were found.  This can likely be attributed to the small sample size (n=12).  
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4.5 HVAC Systems and Comfort Parameters 
This section presents and discusses the results for air movement, room moisture 
and room temperature perceptions.  In addition, this section presents and discusses the 
results from the tested Hypotheses 4A - 4N pertaining to measured CO2, temperature, and 
relative humidity.  Following discussions of the hypotheses, this section introduces and 
discusses further exploration of the data and presents the results from the carbon 
monoxide (CO) measurements. 
 
Occupant Perception 
Hypothesis 4A assumes equality of mean reported air movement between school 
districts and Hypothesis 4B assumes equality between classroom types.  A comparison of 
means (n=1336) determined that the B district had significantly greater “Just Right” 
responses to air movement and humidity in the work areas (See Table 4-7),  thus rejecting 
null Hypothesis 4A that the reported air movement rating is the same for both school 
districts.  However, the tests did not find significance between classroom types, and 
therefore failed to reject the null Hypothesis 4B that reported air movement rating is the 
same for both portable and traditional classrooms.  Hypothesis 4C states that the reported 
moisture will be the same between school districts and Hypothesis 4D assumes equality 
between classroom types.  Null Hypothesis 4C that the reported moisture rating is the 
same for both school districts was also rejected.  However, hypothesis tests failed to 
reject null Hypothesis 4D, which states that reported room moisture was the same for 
both portable and traditional classrooms.   
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Table 4-7: HVAC Perception Mean Comparisons 
 
    N Mean p              
Air Movement in Room 
  School District 
   B 498 1.830 
0.000* 
   G 732 1.700 
  Classroom Type 
   Portable 162 1.750 
0.833 
   Traditional 1033 1.760 
        
Moisture in Room 
  School District 
   B 485 2.050 
0.021* 
   G 731 2.130 
  Classroom Type 
   Portable 162 2.070 
0.459 
   Traditional 1017 2.100 
        
Temperature in Room 
  School District 
   B 489 2.030 
0.185 
   G 674 1.990 
  Classroom Type 
   Portable 160 1.990 
0.842 
    Traditional 970 2.000 
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Hypothesis 4E assumes equality of reported temperature perception between 
school districts and Hypothesis 4F assumes equality between classroom types.  The 
hypothesis tests did not determine significant results for reported temperature rating. 
Therefore, the tests failed to reject the null Hypotheses 4E and 4F that reported 
temperature rating was the same for both school districts and for both types of classroom.  
The perceived temperature is likely similar for all schools and both school districts 
because occupants are able to control the temperature using thermostats. 
The study further investigates additional factors that may influence occupant 
perception of air movement, humidity, and temperature.  Factors examined include age, 
gender, work experience, exterior walls, CO2 concentrations, measured temperature, and 
measured humidity.  The only significant (p=0.002) relationship involved the presence of 
an exterior wall.  Based on the questionnaire data (n=1336), rooms reporting an exterior 
wall had a greater tendency to a “Just Right” response than rooms without an exterior 
wall.  This may be attributed to the actual or perceived infiltration of outdoor air or 
exfiltration of stale air.  Many factors can potentially affect perceptions that may not be 
obvious or measurable. The presence of windows, for example, and whether or not the 
windows can be opened could have an effect on the occupant perception of the room air 
movement, moisture, and temperature.   
The questionnaire (n=1336) measures occupant perception of air movement with 
a 3 point scale that ranged from 1 to 3.  Figure 4-12 is a cumulative distribution of “Just 
Right” responses.  Approximately half of the schools had at least 60% of the classrooms 
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Figure 4-12:  Percent of “Just Right” Air Movement Responses by School (n=30) 
 
 
reporting “Just Right” responses, four schools had greater than seventy percent responses, 
and only two schools had lower than forty percent “Just Right” responses.  Overall, the 
positive responses to air movement were more positive than the responses to the room 
environment evaluation described in Section 4.1.  
The study additionally compared means of CO2 concentrations (n=115) to 
perception of air movement in the classroom to explore possible correlations. The 
hypothesis test did not observe any significant relationship between the occupant air 
movement perception and CO2 concentration.  Again, this could be attributed to the 
variances of HVAC systems and specifically the methods of supply and return air 
distribution.  The method of air distribution also varied among schools and districts.  
 87 
Some classrooms were supplied air through multiple ceiling vents, while in other 
classrooms air was supplied from one wall unit.  Of the 116 classrooms studied, 31% had 
packaged terminal air conditioning (PTAC) units, 25% in District B and 34% in District 
G.  All 36 of the PTAC units were wall-mounted. Return air also varied between schools 
and classrooms.  Different return air systems included ducted return air in the ceiling, 
room air handling unit, transfer grilles on the room door, and no designated return air.   
Additional contributing factors could be the presence of a ceiling fan and the 
frequency of opening windows, neither of which was measured. Another potential 
contributing factor was observed during the field activities. Many classrooms had supply 
air vents blocked because the temperature was uncomfortable or there were objects 
placed in front of the vents.  Obstruction of the air flow is also likely to have an effect on 
the measured CO2 concentrations because new fresh air is not mixing and displacing the 
stale air.  Without the movement of new supply air into the classroom to dispel stale air, 
ventilation does not occur and concentrations of CO2 increase.  Therefore, occupants may 
report being comfortable in an area that has blocked vents, but the ventilation may be 
lower based on higher measured CO2 concentrations. 
In addition to air movement, the questionnaire (n=1336) measures occupant 
perception of humidity using the same scale.  The humidity response trend very closely 
matched the air movement response trend.  However, for humidity, nine schools had 
greater than 70% favorable responses and two schools had less than 50% responses (See 
Figure 4-13).  Overall, the trend was slightly more positive for humidity than air 
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Figure 4-13:  Percent of “Just Right” Humidity Responses by School (n=30) 
 
 
movement with approximately ninety percent of the schools having greater than 50% 
favorable responses. Similar to air movement, additional investigation compares the 
perception of room moisture to CO2 concentrations (n=115).  Hypothesis tests did not 
determine a significant relationship between the occupant room moisture perception and 
ventilation.  The lack of significance is also similarly attributable to the variances of 
HVAC systems and their ability to control or influence humidity.  Additional 
contributing factors could be the presence of portable dehumidifiers or humidifiers and 
the outdoor relative humidity.   Individual humidifiers and dehumidifiers used in a single 
classroom could control or affect relative humidity in a classroom providing measured 
results that are not related to the HVAC system ventilation.  This investigation did not 
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collect data necessary to explore this premise, therefore this parameter would be 
appropriate for future research. Additionally, infiltration of unconditioned outside air 
could influence the indoor relative humidity and not be related to the HVAC system 
ventilation.   
Significant difference in room moisture perception between school districts can be 
attributed to the blockage of outdoor air intakes.  This speculation is based on the 
observations that District B classroom outdoor air intakes were blocked more frequently 
than District G classrooms. District B classrooms had a higher frequency of “Just Right” 
responses, whereas the G district had a greater had a greater frequency of “Too High” 
responses.  The blockage of humid outdoor air would likely result in lowered indoor 
relative humidity.  These particular correlations come both the questionnaire and Phase II 
data sets (n=115). 
Lastly, the same questionnaire scale (n=1336) measures the occupant perception 
of temperature. Approximately 60% of the schools had at least 60% of the classrooms 
reporting “Just Right” responses (See Figure 4-14).  Five schools had greater than 80% 
responses and five schools had lower than 50% responses.  Approximately 80% of the 
schools had at least 50% responses.  A possible correlation between the perceptions of 
room temperature to CO2 concentrations (n=115) was investigated.  No significant 
relationship between the occupant room temperature perception and ventilation was 
observed.   
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Figure 4-14:  Percent of “Just Right” Temperature Responses by School (n=30) 
 
 
The perception of room temperature (n=1336) did not differ significantly between school 
districts.  Air movement and room moisture are ancillary features of the system selected.  
In contrast, all systems are intended to allow for temperature control by the occupants 
using thermostats.  Therefore, the consistency of actual temperature and the ability to 
control temperature by the occupant across schools and districts will prevent any 
significant differences in temperature perception. 
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HVAC System Ventilation and Comfort Parameter Performance 
  A comparison of CO2 mean concentration (n=115) between the school districts 
indicates a significant difference for both mean and peak concentrations (See Table 4-8).  
Hypothesis 4G states that the mean time-averaged CO2 will be the same between school 
districts and Hypothesis 4H assumes equality between classroom types. Similarly, 
Hypothesis 4I states that the peak CO2 will be the same between school districts and 
Hypothesis 4J assumes equality between classroom types. The mean and peak CO2 
concentrations were higher in the B district than the G district. Therefore, the hypotheses 
tests reject the null Hypotheses 4G and 4I that mean and peak CO2 concentrations 
respectively are the same for both districts.  During walkthrough surveys (n=116), the 
field researchers noted that a higher percentage (p=0.00) of outside air intakes that served 
single zones were blocked in B district classrooms relative to single- zone units in the G 
district.  Consequently, the mean time-averaged and peak CO2 concentrations were 
higher (p=0.014 and p=0.001) in the B district.  These particular correlations come from 
the Phase II data set (n=115).  Lowering the concentration of CO2 indoors requires an 
increase in the amount of fresh or outdoor air mixed into the classroom conditioned air 
and distributed continuously.  Often, this practice is counter to the energy conservation 
practices that are being employed by the district.  Portable and traditional classrooms did 
not have any significant differences of CO2 concentrations (n=115), therefore the findings 
failed to reject the null Hypotheses 4H and 4J that mean and peak CO2 classroom 
concentrations respectively were the same for both types of classroom.   
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Table 4-8:  Carbon Dioxide (CO2) Data Mean Comparisons 
 
     N Mean p              
CO2 - Indoors Average 
  School District 
    B 36 1762.97 
0.000* 
    G 34 1104.24 
  Classroom Type 
    Portable 7 1418.14 
0.919 
    Traditional 63 1445.78 
         
CO2 - Peak Indoors 
  School District 
    B 36 2657.25 
0.000* 
    G 34 1692.79 
  Classroom Type 
    Portable 7 2303.14 
0.758 
    Traditional 63 2176.10 
         
CO2 - Outdoors Average 
  School District 
    B 36 380.11 
0.000* 
    G 34 348.15 
  Classroom Type 
    Portable 7 360.71 
0.625 
    Traditional 63 365.02 
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Additional analyses compared CO2 concentration (n=115) to occupant perceptions 
of room environment and air movement in an effort to provide a means to gauge the 
effects of CO2 on occupants.  A comparison of CO2 concentration (n=115) to health 
symptoms, especially headaches and upset stomach, was also investigated for potential 
links to adverse health effects of raised CO2 concentrations indoors.   Neither comparison 
from the additional analysis provided any significant results.  However, this was largely 
based on the smaller quantitative data set.  For example, the study explored the peak CO2 
concentrations indoors against the questionnaire responses indicating the number of 
students complaining of dizziness.  The mean peak CO2 was 2,208 ppm for the group 
indicating “none” for the amount of students complaining of dizziness, whereas the mean 
peak CO2 for the group indicating “4-6” students complaining of dizziness was 4,969 
ppm.  However, there was only one case of the latter and 81 cases of the former and tests 
of significance could not be completed.  Despite the limited data, the effects of CO2 on 
student health and performance/productivity would be an area to explore further.  It is not 
known whether children can experience drowsiness or nausea/upset stomach at lower 
concentrations of CO2 than adults.  Certainly, this is an area that should be given a 
priority for further research to determine whether CO2 is a contaminant unto itself. 
The study also explores the CO2 data using means and frequency distributions for 
comparisons to recommended standards.  The outdoor concentration is essential for 
establishing the recommended maximum indoor concentration in accordance with the 
American Society of Heating, Refrigerating and Air-Conditioning Engineers document 
ASHRAE 62.1-2007, which suggests a maximum concentration value 700 ppm over the 
outdoor concentration.  Therefore, adding 700 ppm to the mean B-District outdoor 
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concentration of 380 ppm yields a maximum recommended concentration of 1,080 ppm.  
Likewise, for the G-District the recommended maximum concentration is 1,047 ppm.  
For the purposes of our combined analysis, we will use the average value of 1,057 ppm 
which is based on the average outdoor concentration for all schools. 
 Each classroom monitored in the B district (n=36) calculated an average CO2 
concentration.  The mean of the average CO2 concentrations across all of the classrooms 
was 1,763 ppm.  This mean value is well in excess of the 1,080 ppm maximum 
concentration recommended by ASHRAE.   The actual mean for peak or maximum 
concentrations was 2,657 ppm; approximately 2.5 times the ASHRAE recommended 
maximum.  Similarly, each classroom in the G district (n=79) calculated an average CO2 
concentration.  The mean of the average CO2 concentrations across all of the classrooms 
was 1,292 ppm.  Like the B-district, this mean value is in excess of the 1,047 ppm 
maximum concentration recommended by ASHRAE.   The mean of peak concentrations 
was 1,960 ppm, nearly double the ASHRAE recommended maximum.  When combining 
all of the measurements from the study, inclusive of both B and G districts, the mean of 
the average CO2 concentration is 1,439 ppm, nearly 1.5 times the recommended 
maximum concentration.  Likewise, the mean peak concentration of 2,178 ppm is more 
than double the recommended maximum concentration. 
Figure 4-15 shows the cumulative distribution of mean time-averaged CO2 
concentrations for classrooms measured within the District B schools and District G 
schools (n=115).   Only 9 (25%) of the 36 classroom average CO2 concentrations fell  
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Figure 4-15:  Comparison of District Mean Time-Averaged CO2 Distribution: B District 
(n=36) vs. G District (n=79) by Percent of Classrooms 
 
 
below the ASHRAE-recommended 1,000 ppm maximum concentration. This non-
compliance is more striking considering that the measured concentrations are averages, 
unlike the ASHRAE value which is for peak concentrations.  Similarly for the G District, 
only 30 (38%) of the 79 classroom average CO2 concentrations were below the 
recommended 1,000 ppm maximum. 
Figure 4-16 shows the cumulative distributions of mean peak and time-averaged 
CO2 concentrations for all classrooms measured.   Lines A & B in the graph illustrate the 
1,000 ppm points for the two distributions.  Approximately 15 percent of the classrooms  
Texas Border “B” 
School District 
Central Texas “G” 
School District 
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Figure 4-16:  CO2 Distribution for All Classrooms: Peak CO2 vs. Time-Averaged CO2 
(n=115) 
 
 
peak values met the 1,000 ppm guideline and only 35 percent of the classrooms average 
CO2 values met the 1,000 ppm guideline.  Additionally, only about half of the classrooms 
peak values were less than 2,000 ppm or twice the recommended guideline.  Combined, 
only 13.8% of the classrooms met the criteria for maximum CO2 concentrations. The 
average CO2 concentrations for the study ranged between 529 ppm and 3,112 ppm and 
the peak CO2 concentrations ranged between 744 ppm to 4969 ppm.  The results from the 
TESIAS are in agreement with other literature summarized in Table 2-6.  Thirteen of the 
these studies presented results of schools that failed to meet the CO2 ventilation 
guidelines.   
Peak CO2 
Time-Averaged CO2 
A B C
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Table 4-9 summarizes the relative humidity and temperature data comparisons of 
the means (n=115).  Hypothesis 4K assumes equality of mean relative humidity between 
school districts and Hypothesis 4L assumes equality between classroom types.  Both the 
indoor and outdoor relative humidity was significantly higher in the B district. Therefore 
the test of significance rejects null Hypothesis 4K that the mean indoor relative humidity 
is the same for both school districts.  This particular correlation comes from the Phase II 
data set (n=115).  The higher indoor relative humidity in the B district may be attributed 
to two factors.  First, the outdoor relative humidity in the B district was also higher and 
indoor relative humidity may be higher as a result of the higher initial outdoor relative 
humidity.  Second, this could again be attributed to the greater number of blocked 
outdoor air intakes in District B.  The measured relative humidity was significantly 
higher (p=0.003) in classrooms with outdoor air intake blockage.  No significant relative 
humidity differences were found between classroom types and thus the hypothesis test 
fails to reject null Hypothesis 4L that mean indoor relative humidity is the same for both 
portable and traditional classrooms.  While differences in HVAC systems can explain the 
significant differences between school districts, it does not explain the lack of significant 
differences between portable and traditional classrooms.  The lack of significance may be 
attributed to the small sample size of portable classrooms (n=7).  The mean indoor 
relative humidity in portable classrooms was lower than that of traditional classrooms, 
however not by as large of margin as between school districts. 
 
 98 
Table 4-9:  Temperature and Relative Humidity Data Mean Comparisons 
   N Mean Value p              
Relative Humidity – Indoor Mean 
 School District 
  B 36 54.45 
0.000* 
  G 34 39.80 
 Classroom Type 
  Portable 7 44.27 
0.477 
  Traditional 63 47.67 
       
Relative Humidity – Outdoor Mean 
 School District 
  B 36 73.26 
0.000* 
  G 34 48.90 
 Classroom Type 
  Portable 7 50.96 
0.112 
  Traditional 63 62.59 
       
Temperature – Indoor Mean 
 School District 
  B 36 72.57 
0.425 
  G 34 72.07 
 Classroom Type 
  Portable 7 71.39 
0.311 
  Traditional 63 72.43 
       
Temperature – Outdoor Mean 
 School District 
  B 36 70.91 
0.000* 
  G 34 51.22 
 Classroom Type 
  Portable 7 54.63 
0.117 
    Traditional 63 62.09 
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Hypothesis 4M states that the mean indoor temperature will be the same between 
school districts and Hypothesis 4N assumes equality between classroom types.  The 
comparisons failed to reject null Hypothesis 4M that mean indoor temperature was the 
same for both school districts (n=115).  With regard to temperature, significant 
differences were found between school districts for outdoor temperature only as the mean 
temperature reported by the B district (70.9°F) was significantly higher than the G district 
average outdoor temperature (51.2°F).  No significant temperature differences were 
found between classroom types.  Therefore, the hypothesis test failed to reject the null 
Hypothesis 4N that mean indoor temperature was the same for both portable and 
traditional classrooms.  Again, no differences may suggest that the HVAC equipment, 
regardless of type, was sufficient at regulating the temperature within the classroom 
because of occupant control. Since temperature is the primary control parameter of the 
HVAC systems observed and assumed to be the primary concern of occupants, possible 
correlations between measured temperature to occupant perceptions of room environment 
and temperature were evaluated, however, they failed to yield any significant results.  
Again, this is most likely attributed to the lack of significant differences of temperature 
perception and measured indoor temperature for all schools. 
The relative humidity and temperature data (n=115) were also explored using 
means and frequency distributions for comparisons to recommended guidelines and the 
literature provided in Chapter 2.  Figure 4-17 shows the cumulative distribution of 
average relative humidity for classrooms measured within the B district schools, G 
district schools and the combined distribution for all classrooms in the study.  According  
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Figure 4-17:  Relative Humidity Distribution in Classrooms: B District (n=36), G District 
(n=79) and Combined (n=115) 
 
to ASHRAE Standard 62, the recommended relative humidity range is between 30 to 60 
percent. In the B district 30 (89%) of the 36 classrooms had average relative humidity 
within the recommended range.  Similarly for the G district, 69 (87%) of the 79 
classrooms had average relative humidity within the recommended range.  The 
cumulative distribution of average relative humidity in all classrooms shows that 
approximately 88% of all the classrooms had average relative humidity within the 
recommended range. The studies presented in Table 2-7 of Chapter 2 reported mean 
values of relative humidity in a range between 39 – 58%.  Therefore, the TESIAS mean 
of 45.6% is within the range of mean relative humidity findings of the previous studies.   
G District 
B District
Combined 
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The range of mean relative humidity for TESIAS was between 24.9 – 70.1%, which is 
consistent with the studies reporting ranges presented earlier.  Secondary comparisons 
were made between measured relative humidity (n=115) and occupant perceptions of 
room environment, temperature, and humidity.  Additionally, comparisons between 
measured relative humidity and both visible mold reported and indoor/outdoor ratios of 
mold measured were performed.  No significant differences were observed.  Likewise, 
further exploration of the data comparing ranges of relative humidity to reported health 
symptoms to investigate possible relationships with low or high humidity did not provide 
any significant results.  Previous studies found correlations between indoor bacteria and 
levels of humidity, however, the TESIAS data could not establish significant 
relationships between indoor relative humidity and measured microbial concentrations. 
Figure 4-18 shows the cumulative distribution of average temperatures for 
classrooms measured within the B district schools, G district schools, and the combined 
distribution for all schools in the study (n=115).   According to ASHRAE Standard 55-
2004, the comfort range for temperature will vary depending upon the relative humidity.  
Because the typical range of relative humidity for the B district ranged between 45 to 60 
percent, the comfort range for temperature would be 74°F (23.3°C) – 78°F (25.6°C) 
during cooling season and 68°F (20.0°C) - 74°F (23.3°C)  during heating season.  
Because the study spanned a period of several months during both cooling and heating 
seasons, a wider temperature comfort range is used for comparison.  In the B district, 25 
(69%) of the 36 classrooms had average temperatures that failed to meet the 
recommended comfort range for temperature. 
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Figure 4-18:  Temperature Distribution in Classrooms: B District (n=36), G District 
(n=79) and Combined (n=115) 
 
 
The G district average relative humidity ranged between 30 to 60 percent, 
therefore the comfort range for temperature would be 74°F (23.3°C) – 82°F (27.8°C).  In 
the G district, 62 (80%) of the 79 classrooms had average temperatures that failed to meet 
the recommended comfort range for temperature.  Only 25% of all the classrooms in the  
study had average temperatures within the recommended ASHRAE comfort range.  
Therefore, 75% failed to meet the recommended comfort range for temperature. 
The average temperature for the B district was 72.6°F (22.5°C) and 72.1°F 
(22.3°C) for the G district.  The mean temperatures recorded indoor for both school 
districts was within the literature comfort range below 23°C as was the case for the 
majority of studies presented in Table 2-7.  The range of mean temperatures for all 
G  District 
B  District 
Combined 
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classrooms in the study was 63.8°F (17.7°C) to 76.8°F (24.9°C).  The range of 
temperatures is also consistent with the literature presented in Chapter 2.  
Carbon Monoxide 
Carbon monoxide (CO) was measured in 61 classrooms, 22 in the B District and 
39 in the G District.  The sample size for CO was smaller because only 2 of the 4 TSI Q-
Trak monitors used were capable of measuring CO.  The mean time-averaged CO 
concentration was 0.28 ppm and the range was 0 – 2 ppm for all classrooms investigated.  
All measurements were within the instrument uncertainty. Both the mean and maximum 
values of CO measured were well below the U.S. National Ambient Air Quality 
Standards for outdoor air of 9 ppm.  An outdoor air standard is used for comparison 
because no standard or threshold value exists for CO.  Further exploration of the CO data 
between school districts and between classroom types did not provide any significant 
findings. 
 
 4.6 GENERAL HEALTH SYMPTOMS REPORTED 
This section presents and discusses the Hypotheses 5A and 5B test results 
concerning reported health symptoms.  Hypothesis 5A assumes equality of reported 
health symptoms between school districts and Hypothesis 5B assumes equality between 
classroom types.  Following the discussion of the tested hypotheses, this section also 
presents additional investigations into relationships between health symptoms and other 
parameters.  Teachers and staff reported general health symptoms on the questionnaire 
forms (n=1336).  Respondents were asked a number of questions regarding their own 
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health symptoms, as well as their observations about student health symptoms in their 
classroom. Table 4-10 provides a summary of these results.  When responding about 
themselves, nasal symptoms were reported with the highest incidence, followed by throat 
symptoms, eye symptoms and headaches.  Similarly for students, the same four 
symptoms had the highest reported incidence. 
 Figure 4-19 shows a comparison of the four most common symptoms reported: 
nasal symptoms, throat symptoms, eye symptoms and headaches.  The graph shows a 
comparison of the percentage of respondents indicating that the symptoms were more 
prevalent at work (school) or home.  For each symptom, the symptoms were 
overwhelmingly reported to be greater at work than home.   
Table 4-11 summarizes the comparisons of health symptoms reported at work to school 
district and classroom type parameters (n=1336).   The B district reported significantly 
greater frequency of nasal, throat and eye symptoms than the G district, rejecting null 
Hypothesis 5A that health symptoms reported are the same for both school districts. No 
significant headache frequency differences were found between classroom types or 
between districts.  Traditional classrooms reported a significantly greater frequency of 
throat and eye symptoms than portable classrooms, thus rejecting null Hypothesis 5B that 
health symptoms reported are the same for both portable and traditional classrooms.  
These correlations come from the questionnaire data set (n=1336). 
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Table 4-10: General Health Symptoms 
  Frequency (%) 
Nasal Symptoms 
 Never 29.1 
 Sometimes 49.8 
 Frequently 21.1 
Throat Symptoms (sore throat, dryness, dry cough - at work)
 Never 38.1 
 Sometimes 46.0 
 Frequently 15.9 
Eyes Symptoms (redness, burning, watering, puffiness, dryness, other irritation - at work) 
 Never 49.8 
 Sometimes 37.6 
 Frequently 12.6 
Skin Symptoms (dryness, flaking, rash, other irritation - At Work) 
 Never 64.9 
 Sometimes 27.4 
 Frequently 7.7 
Headaches (At Work)
 Never 31.3 
 Sometimes 57.0 
 Frequently 11.7 
Drowsiness or Difficulty Concentrating (At Work)
 Never 65.2 
 Sometimes 31.3 
 Frequently 3.5 
Dizziness or Faintness (At Work) 
 Never 82.0 
 Sometimes 16.6 
 Frequently 1.4 
Difficulty Breathing (At Work) 
 Never 83.3 
 Sometimes 14.2 
 Frequently 2.5 
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Figure 4-19:  General Health Symptoms Questionnaire Responses by Symptom 
 
 
Table 4-12 summarizes the reported health symptoms occurring more frequently 
at home than work.  No significant differences were found either between school districts 
or classroom type for any symptom reported to be greater at home.  Allergic symptoms 
that occur more frequently at work than home can suggest that there is an irritant within 
the indoor work environment that is causing the symptoms.  For each of the major 
symptoms identified earlier, the occurrence was much greater at work than home.  This 
suggests that the respondents are reacting adversely to the indoor environment at work.   
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Table 4-11: Health Symptoms Mean Comparisons 
   N Mean Ranking p              
Nasal Symptoms 
 School District 
  B 530 2.010 
0.000* 
  G 761 1.860 
 Classroom Type 
  Portable 162 1.890 
0.487 
  Traditional 1087 1.930 
       
Headaches 
 School District 
  B 521 1.840 
0.055 
  G 760 1.780 
 Classroom Type 
  Portable 163 1.690 
0.011 
  Traditional 1076 1.820 
       
Throat Symptoms 
 School District 
  B 526 1.950 
0.000* 
  G 755 1.660 
 Classroom Type 
  Portable 162 1.670 
0.032* 
  Traditional 1076 1.800 
       
Eye Symptoms 
 School District 
  B 517 1.710 
0.000* 
  G 739 1.570 
 Classroom Type 
  Portable 159 1.530 
0.044* 
    Traditional 1056 1.650 
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Table 4-12: Health Symptoms Greater at Home Mean Comparisons 
    N Mean Fraction p              
Nasal Symptoms 
  School District 
   B 535 0.220 
0.264 
   G 801 0.250 
  Classroom Type 
   Portable 169 0.230 
0.664 
   Traditional 1117 0.250 
        
Headaches 
  School District 
   B 535 0.190 
0.766 
   G 801 0.200 
  Classroom Type 
   Portable 169 0.170 
0.338 
   Traditional 1117 0.200 
        
Throat Symptoms 
  School District 
   B 535 0.150 
0.241 
   G 801 0.120 
  Classroom Type 
   Portable 169 0.120 
0.744 
   Traditional 1117 0.130 
        
Eye Symptoms 
  School District 
   B 535 0.100 
0.124 
   G 801 0.120 
  Classroom Type 
   Portable 169 0.110 
0.961 
    Traditional 1117 0.110 
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Using significance tests, health symptoms reported more frequently at work were 
compared (n=1336).  Three of the four symptoms reported on the questionnaires occurred 
more frequently in the B district.  Indoor mold is often associated with allergic 
symptoms, so further investigation of the correlation between the indoor/outdoor mold 
ratio (n=12) and health symptoms reported was performed. Also, the study investigates 
reported water leaks to reported symptoms for a possible indirect relationship.  The 
parameters tested may not be significant because of the small sample size (n=12). 
The frequency of health symptoms reported also differed significantly by the 
amount of work experience reported (n=1336).  For both K-12 work experience and 
experience in the current work area, the frequency of health symptoms reported increased 
(p<0.003) as the years of experience increased.   Also, health symptoms (Nasal, Eyes, 
and headaches) were reported more frequently (p<0.019) in rooms with carpet.  
Additionally, there were significant results involving health that were identified in earlier 
sections.  Vinyl wallpaper, water leaks, water stains, and odor were all variables that had 
an effect on the frequency of reported health symptoms. 
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 4.7 EXPLORATION OF STATISTICAL TESTS 
  This section provides an explanation of the process and specific statistical tests 
used to determine significance for comparisons of the parameters presented and discussed 
previously in this chapter.  The process outlined below was used for all of the 
comparisons of parameters explored for this dissertation.  Two specific examples provide 
a demonstration of the methods used however.  For clarity, the process being illustrated 
applied to all comparisons statistically tested. 
The statistical test methods used in this dissertation were typically independent 
samples t-tests, as described in Section 3.8 of Chapter 3.  The t-tests and ANVOA tests 
assume that the variables are independent, normally distributed, and have equal 
variances.  The last two assumptions are often suspect for indoor environmental data 
because of the presence of outliers that can skew the data.  In order to explore the 
limitations of the statistical analysis, several additional tests were performed.  The first 
evaluation of the different variables was to determine normality by using Q-Q plots, 
Kolmogorov-Smirnov and the Shapiro-Wilk tests.   An example of a parameter, mean 
indoor relative humidity, found to have a normal distribution is shown in Figure 4-20 
below.  The Q-Q plot demonstrates that the data largely follows the expected values of a 
normally distributed variable along the fitted line.  There are, however, several data that 
are outliers and do not adhere to the fitted line.  These outliers are cause for concern in 
determining the normality of the data and thus provide sufficient cause to utilize further 
tests as described below. 
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Figure 4-20:  Q-Q Plot for Mean Indoor Relative Humidity 
  
In addition to Q-Q plots, numerical methods were employed to examine the 
normality of all tested variables.  The Kolmogorov-Smirnov and Shapiro-Wilk normality 
tests were used as shown in Table 4-13.  The Shapiro-Wilk statistics do not reject the null 
hypothesis of normality (p<.126 and p<.131).  The Kolmogorov-Smirnov test reports a p-
value of .197 for the Border district and an adjusted p-value of .200 for the Central Texas 
district that also fail to reject the null hypothesis of normality.  Therefore, analysis of the 
variable proceeds with the assumption of normality required in the t-test and ANOVA 
tests for equality of means.   
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Table 4-13: Kolmogorov-Smirnov and Shapiro-Wilk Tests of Normality for Mean Indoor 
Relative Humidity 
 
Tests of Normality
School District 
Kolmogorov-Smirnova Shapiro-Wilk 
Sig. Sig. 
B .197 .126 
G .200* .131 
 
 
 The Levene test for equality of variances was performed as shown in Table 4-14 
to determine if equal variances existed for the distribution of both sets of variables 
compared.  In this example, Levene’s test rejects the null hypothesis of equal variances 
(p<0.002) and thus significance must be evaluated where equal variances are not 
assumed.  The 2-tailed p-value provided by the t-test for equal variances not assumed is 
0.000.  Therefore, the t-test rejects the null hypothesis that the mean indoor relative 
humidity is the same for both the Border and Central Texas districts. 
 
Table 4-14:  Independent Samples T-Test for Equality of Means for Mean Indoor 
Relative Humidity 
 
 
Levene’s Test for 
Equality of Variances t-test for Equality of Means 
Sig. Sig. (2-tailed) 
Relative 
Humidity – 
Average 
Indoors 
Equal variances 
assumed 
0.002 
0.000 
Equal variances 
not assumed 0.000 
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Recognizing that the sample size is small for some variables, the possibility exists 
that the numerical tests for normality provide a false positive and the distribution of the 
variable is not normally distributed.   Therefore, each comparison was subjected to three 
additional nonparametric tests: chi-square test, Wilcoxon matched-pairs signed-rank test, 
and the Mann-Whitney test.  The advantage of using nonparametric tests is that they do 
not require the same underlying assumptions as the t-test and ANOVA.  Specifically they 
do not require a normal distribution or equal variances.  The disadvantage, however, is 
that nonparametric tests are less likely to find differences when parametric assumptions 
are satisfied.  Therefore, nonparametric tests are used in this dissertation to help validate 
statistics provided by parametric tests.  
 A Wilcoxon matched-pairs signed-rank test was utilized to compare the difference 
between the values of each pair.  The difference values for each pair were then ranked in 
numerical order without regard for sign.  The mean ranks for the two populations are then 
compared.  The null hypothesis is that the mean rank is the same for both groups.  In the 
example provided in Table 4-15, the mean ranks for the Wilcoxon test for the Border and 
Central Texas districts were 73.58 and 36.52 respectively.  The Mann-Whitney test was 
also employed to test the null hypothesis that the average indoor relative humidity was 
the same for both school district groups. Combined, the tests yield a p-value of 0.000 and 
therefore reject the null hypothesis that the population means are the same for the two 
groups. 
 
Table 4-15:  Mann-Whitney and Wilcoxon Nonparametric Tests for Equality of Means 
for Mean Indoor Relative Humidity 
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Test Statisticsa
 
Relative Humidity - 
Average Indoors 
Mann-Whitney U 2850 
Wilcoxon W 23010 
Sig. (2-tailed) 0.000 
a. Grouping Variable: School District 
 
 
Finally, for the purposes of this dissertation the data suggests that there is a 
significant difference (p<0.05) between the mean indoor relative humidity in the Border 
(B) school district and the mean indoor relative humidity in the Central Texas (G) 
district.  This assertion is made only after achieving significant results with the 
independent samples t-test (p=0.00), the chi-square test (p=0.00), and the Wilcoxon and 
Mann-Whitney tests (p=0.00).  
Similar to the example of average indoor relative humidity provided above, 
analysis of variance was employed to test the hypotheses for variables that provided more 
than one population mean.  This occurred only in the secondary analyses performed in 
addition to the dissertation hypotheses.  These analyses typically involved survey data 
that allowed for several responses.  Therefore, the means of a variable to be compared 
could be distributed over more than two distinct groups.  For example, health symptoms 
reported responses across three distinct groups: never, sometimes, and frequently.  In this 
example, the frequency of musty odors in the classroom is being compared across all 
three frequency responses of health symptoms. Again, the Shapiro-Wilk and 
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Kolmogorov-Smirnov tests are used to evaluate normality of the population distribution.  
In each of the cases listed for musty odor, the tests reject the null hypothesis that the 
parameters are normally distributed. 
Despite not being able to meet the assumption of normality for the ANOVA test, 
a significant p-value was obtained using the test during preliminary investigations.  For 
each health symptom tested, the null hypothesis that the frequency of reported health 
symptom is the same for each reported frequency of musty odor is rejected (p=0.00). 
Due to the non-normality of the comparison groups, nonparametric tests were 
utilized to test the significance of the differences identified by the ANOVA test.  The 
Kruskal-Wallis test was used as the nonparametric alternative to the ANOVA test.  The 
statistic is calculated the same as for the Mann-Whitney test identified earlier, however it 
is applied across more groups.  In addition, the chi-square test was employed as a 
nonparametric test of the means between groups.   Again for each health symptom tested, 
the Null hypothesis that the frequency of reported health symptom is the same for each 
reported frequency of musty odor is rejected (p=0.00). 
This example comparison of musty odors to health symptoms also provides an 
opportunity to discuss the use of the Spearman’s Rank test for correlation of ordinal 
variables.  The values recorded from the questionnaire for health symptoms fall into 
categories, however they were assigned a numerical value that has meaning on a scale 
from best to worst or increasing frequency.  Because the ordinal variables were 
previously determined to be non-normal, the nonparametric Spearman’s Rank test was 
used rather than the parametric equivalent Pearson correlation.  For the example of musty 
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odor, each health symptom provided a statistically significant correlation and 2-tailed 
significance of (p=0.00). 
Just as in the case for comparison of two distinct groups, the comparison among 
groups must meet the same criteria for significance for the purposes of this dissertation.  
Therefore, the data suggests that there is a significant difference (p<0.05) between the 
mean frequency of reported health symptoms for different frequencies of musty odor 
(p=0.00).  This assertion is made only after achieving significant results with the 
ANOVA test (p=0.00), the chi-square test, the Kruskal-Wallis test (p=0.00), and finally 
the Spearman’s Rank test (p=0.00).  
The statistics involving the questionnaire responses are assumed to be more 
consistent because of the large sample size (n=1336).   However, the strength of the 
questionnaire correlations is limited by the numerous contributing factors that require 
consideration as well as more general concerns about the accuracy of self-reported data.   
In contrast, the measured data statistics are weaker due to the smaller sample sizes.  
Additionally, the non-normal distribution of most of the parameters provides for a weaker 
statistic.  Only 10 of 300 (3%) comparisons performed were initially found to be 
significant then overturned by subsequent tests.  Again, only the associations able to meet 
all of the test requirements provided in this section were presented as significant and thus 
provided an increased level of confidence in the determination of significance.   
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4.8 SUMMARY 
The two primary recommendations that emerge from these findings are the 
importance of mitigating poor ventilation and water incursion.   The examination of 
factors that affect occupant perception of the room environment yielded correlations for 
the odor and carpet parameters.  Both of these parameters can be enhanced by mitigating 
poor ventilation.  Odors of all types were correlated with greater frequency of health 
symptoms.  Better ventilation would diminish the effect of odors in the classroom and 
potentially reduce the frequency of reported health symptoms, thereby resulting in 
improved indoor environments (both actual and perceived).   Likewise, the presence of 
carpet was correlated with greater frequency of health symptoms.  According to previous 
studies, carpet causes lower airborne contamination, but greater surface contamination.  
Therefore, during occupied periods or periods of activity the airborne concentrations may 
be higher in carpeted areas as a result of disturbance.  Improving ventilation may 
diminish the concentration of airborne contaminants thus resulting in fewer actual 
airborne contaminants and increased use of carpet will thus allow for improved 
perceptions of the indoor environment. 
The need to mitigate poor ventilation in the indoor environment of elementary 
school classrooms is based on the overwhelming failure to meet ASHRAE standards.  
Only 5.6% of the B district classrooms and 17.5% of the G district classrooms meet the 
recommended maximum CO2 concentrations. Both the peak and average CO2 
concentrations were higher in the B district than the G district.  This was attributed to the 
greater frequency of outdoor air intake blockage in District B and the correlation between 
blocked outdoor air intakes and higher CO2 concentrations.  Therefore, the discrepancy 
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CO2 concentrations between the districts can be remedied by addressing the blockage of 
outdoor air intakes.  However, this would only serve to remedy the difference between 
the districts and not the problem of ventilation as a whole that occurs in all schools 
regardless of outdoor air intake blockage or the HVAC system employed.  Novel HVAC 
systems, such as low velocity displacement ventilation, need to be explored for solutions 
to poor ventilation in elementary school classrooms.  
Previous investigations illuminate the need to mitigate water leaks.  
Approximately half of the questionnaire respondents reported roof leaks in their work 
areas suggesting that building roof envelope failures are the greatest source of water 
incursion into the indoor environment of elementary schools.  Window leaks were also 
reported as an envelope failure allowing water into the indoor environment.  The 
introduction of water into the indoor environment creates conditions that are conducive to 
fungal and bacterial growth.  Water leaks correlated with increased reporting of health 
symptoms.   Mitigating water incursion by addressing weak areas during design and 
construction may help to reduce the amount of indoor contaminants and also the 
frequency of reported health symptoms.   Methods for mitigating water incursion may be 
gleaned from investigations of portable classrooms because they had significantly fewer 
reported roof leaks, window leaks, wall water stains and visible ceiling mold than 
traditional classrooms.  The simple roof design, use of overhangs, and small building 
footprint, if incorporated into future design and construction, could mitigate the two 
primary sources of water incursion: roof leaks and window leaks. 
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Chapter 5:  Conclusions & Recommendations 
 
This chapter provides a discussion of the primary conclusions from this 
dissertation.  Particular emphasis is placed on the implications for the design and 
operation of schools as well as recommendations for future research. 
 
5.1 CONCLUSIONS 
Establishing a baseline for IAQ in Texas elementary schools was the primary 
objective of this dissertation. The baseline was established using descriptive statistics of 
both reported and measured parameters presented in Chapter 4.  Two of the most 
important findings are that Texas elementary school classrooms frequently have roof 
leaks and inadequate ventilation.  Consequently, while many potential impacts on school 
design and construction may be gleaned from the results presented herein, addressing 
envelope failures and substandard ventilation have the greatest potential impact on the 
construction industry and the design of elementary schools.  In particular, mitigating roof 
leak envelope failures through good design and construction practices has a high potential 
impact on the indoor environment.  Data presented in this dissertation indicate that roof 
leaks are a critical problem and strongly correlated with health symptoms.  The study also 
indicated that roof leaks were the highest reported source of water incursion.  Therefore, 
addressing roof leaks is a top priority in securing good indoor environments in schools.  
Although portable classrooms are often maligned, the correlation between portable 
classrooms and significantly less water incursion warrants further investigation.  The 
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simple roof design, sufficient overhangs and small building footprint may result in fewer 
roof leaks.  Field investigations observed frequent evidence of roof leaks at the junction 
of the roof and exterior wall or vertical surface. 
In addition to roof leaks, the data found CO2 concentrations (both average and 
peak values) to be well in excess of the recommended maximums. The conventional 
HVAC systems tested, regardless of type, did not meet the industry standards.  In 
addition, both mean time-averaged and peak CO2 concentrations were found to be higher 
in District B than District G.  This is attributed the higher frequency of blocked outdoor 
air intakes in District B because higher CO2 concentrations also correlate with greater 
frequency of outdoor air intake blockage. 
 
5.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
Identifying areas for further research was another major objective of this 
dissertation.  The results of the research provided by the Texas Elementary School Indoor 
Air Study and this dissertation contribute to the current body of knowledge related to the 
indoor environment of elementary schools.  Further research needs have been identified 
as follows: 
 
(1) The use of ceiling or portable fans was not included as part of the questionnaire and 
therefore potential relationships between fans and perceived indoor air quality and 
comfort could not be explored.  Given the generally poor perceptions of air 
movement, fans could be a potential low cost alternative that results in improved 
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perceptions of IAQ, comfort and ultimately fewer reported SBS symptoms.  
Additional research inclusive of ceiling fan data is needed. 
 
(2) The study identified roof leaks as the primary source of water incursion in 
elementary schools.  However, the study did not obtain roof system information.  
Design, construction, and maintenance data need to be assembled for possible 
correlations to frequency of roof leaks and to identify best practices of mitigating 
roof leaks. 
 
(3) Poor ventilation was observed in both school districts and in all of the schools 
monitored.  Further research involving novel HVAC systems, such as low velocity 
displacement ventilation, as an effective and efficient means of reducing CO2 levels 
below the recommended ASHRAE standard is a high priority for future research. 
 
(4) This dissertation provided a baseline for IAQ in Texas elementary schools only.  
Future research is needed to investigate high performance elementary schools.  Data 
should be collected using the methodology provided by this dissertation for direct 
comparison.  These direct comparisons can justify benchmark practices identified at 
high performance schools. 
 
(5) Future investigations into the primary causes of construction defects at elementary 
schools will provide insight into methods of prevention.  Also, further exploration 
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into the role of diminished competency of construction trade labor and maintenance 
workers on building envelope failures is needed. 
 
(6) Elementary school classroom characteristics that promote positive perceptions of the 
room environment may reduce employer liability exposure, lost work days, 
maintenance costs, and productivity losses.  Further economic analysis and 
quantification of intangible benefits for perception improvement actions are needed. 
 
The data presented in this dissertation will be applicable to locations both within 
and outside Texas.  The results of this study are comparable to other domestic and 
international studies such as the literature provided in Chapter 2.  It is reasonable to 
assume that sources of water incursion will be similar despite variations in climate. CO2 
concentrations will be similar for conditioned schools because heating or cooling requires 
HVAC system operation and associated ventilation.  School districts and researchers can 
compare their data and findings to the baseline established by this study.  The findings 
and suggestions of this study will help school districts, designers, and builders create 
elementary schools with better indoor air quality performance.   
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 Appendix A: Classroom Selection Matrix 
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Appendix B: Questionnaire Form and Correspondence  
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Appendix C: Data Collection Forms  
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Appendix D: Raw Data 
  
School 
Code 
Classroom 
No. 
CO2 (ppm) Temperature (°C) Relative Humidity (%) 
Mean SD Med. Min. Max. Mean SD Med. Min. Max. Mean SD Med. Min. Max. 
B1 
10 2538 1098 2789 583 4259 71.9 2.7 71.8 66.6 76.4 49.4 2.2 48.8 46 59.2 
203 948 250 986 415 1369 69.1 0.8 69 67.3 71.1 58.6 2.4 58.5 54.1 64 
413 1377 309 1394 602 1828 69.6 0.7 69.4 68.3 72.5 56.9 1.2 57 53.3 59.6 
421 1629 485 1697 549 4720 70.8 1.2 71.4 68 72.3 56 2.3 55.4 51.6 67.5 
B2 
1 1547 736 1440 439 2618 71.5 2.2 71.2 67.8 78.7 70.1 6.8 71.1 57.7 85.2 
7 2026 754 2327 405 3085 74.5 0.8 74.5 72.4 76.3 53.8 4.1 53.1 46.8 67.3 
15 818 145 850 440 998 73.2 0.8 73.4 70.5 74.3 57.8 1.5 58.1 53.8 60.7 
17 819 149 857 425 1041 72.6 0.8 72.7 69.5 73.9 59.9 1.6 60.1 54.8 63.4 
B3 
2 1815 710 1904 511 3003 75.4 0.9 75.4 72.4 77 52 2.6 51.8 46.5 63.1 
11 2032 956 1875 473 3832 71.3 1.7 71.4 67.5 75.4 53.2 3.7 52.6 46.9 65.7 
16 944 242 1030 429 1319 72 1.4 71.6 69.7 74.9 56.1 2.7 56.5 50.9 60.3 
23 1703 492 1771 701 2710 72.3 2.1 72.4 67 76.4 53.8 2.5 53.6 48.8 65.4 
B4 A13 2292 715 2497 824 3444 75.2 2 75.6 70.5 78.4 45.9 4 45.2 40 71.1 
A25 1902 658 2233 676 2751 73.1 1.9 73.4 69 76.3 50 3.2 49.5 44.6 65.1 
B32 1653 539 1869 513 2570 72.9 1.3 73 69.5 79.5 51.6 3 51.4 46.3 74.3 
C10 1802 627 1970 502 2759 69.5 2.1 69.5 64.4 73.6 51.8 2.4 51.6 48.2 64.2 
B5 No Quantitative Data- School quit study 
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School 
Code 
Classroom 
No. 
CO (ppm) Total     
Mold 
spores/m3 
Viable Mold 
cfu/m3 
Mean SD Med. Min. Max. 
B1 
10 None 
No data due to laboratory 
error 
203 0 0 0 0 0 
413 2 1 2 1 5 
421 None 
B2 
1 0 0.3 0 0 1 
7 0 0.5 0 0 1 
15 0 0.2 0 0 1 
17 None 
B3 
2 0 0 0 0 1 
11 None 
16 0 0 0 0 0 
23 1 0.4 1 0 1 
B4 A13 0 0.2 0 0 1 
A25 None 
B32 0 0.2 0 0 1 
C10 0 0 0 0 1 
B5 No Quantitative Data- School quit study 
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School 
Code 
Classroom 
No. 
CO2 (ppm) Temperature (°C) Relative Humidity (%) 
Mean SD Med. Min. Max. Mean SD Med. Min. Max. Mean SD Med. Min. Max. 
B6 
16 2042 576 2226 732 2807 75.3 2 74.8 71.4 78.6 47.4 1.7 74.8 42.8 54.5 
20 2002 645 2229 670 2944 72.1 0.4 72.1 71.3 73 49.9 1.2 49.8 48.2 56.9 
28 2337 634 2384 659 3547 75.9 1.4 76.1 72.6 78.7 48.5 1.8 48.7 444 54 
41 1786 516 1841 468 2497 75.9 3 76.8 68.9 79.7 52.4 3.4 51.8 45 61.1 
B7 
10 1947 728 2061 404 3190 70.6 3.3 69.7 64.5 77.1 57.6 1.4 57.5 54.6 62.8 
18 1221 367 1237 456 1984 72.8 1.9 72.4 69.4 76.8 51.7 1.8 51.3 48.1 56.3 
21 1647 825 1570 438 3244 69.1 2 68.5 65.5 75.2 53.9 2.9 53.7 48.9 60.1 
30 2143 1004 2353 429 3867 73.1 2.8 73.8 66.8 77.5 54.5 3.5 54.7 48.1 62.5 
B8 
2 913 209 907 418 2174 75.8 2.6 75.9 70.5 80.1 55.8 2.5 56.2 51 68.3 
7 1977 645 2245 523 2857 74.8 2.2 75.2 70.2 78.1 46 3.1 45.4 41 51.9 
24 1491 417 585 462 2142 73.5 2.3 73.8 68.4 77.4 52.2 2.3 52.2 47 61.4 
32 964 235 1028 418 1644 72.9 1.5 73.1 68.2 76.7 52.6 1.9 52.7 48.4 56.5 
B9 
5 2927 334 3000 2100 3411 66.6 0.8 66.8 65.1 68 52.5 0.8 52.5 50.4 55 
14 2615 267 2676 1932 2995 74.3 0.9 74.2 71.8 76.3 47.2 0.6 47.2 45.8 49.2 
21 2857 303 2958 2129 3337 68.5 0.4 68.6 67.2 69.2 49.5 0.6 49.4 48.3 51.9 
33 2867 1043 3025 784 4616 76.6 1.5 76.8 69.9 78.8 60.6 2.3 60.9 54.2 70.2 
B10 
3 915 212 899 558 1444 74.3 2.1 75 67.7 77 61.9 3.3 62 54 66.2 
12 3113 1349 3372 787 4969 73 2.8 73.6 64.3 77 60 3.6 61 52.8 66.5 
28 926 273 887 430 1487 69 0.9 69.1 66.8 70.3 59.2 2.6 58.7 54.2 65.2 
39 898 335 876 421 1868 73.5 2.3 74.1 66.8 77.5 69.8 4 70.3 58.8 77 
 
141
  
 
School 
Code 
Classroom 
No. 
CO (ppm) Total     
Mold 
spores/m3 
Viable Mold 
cfu/m3 
Mean SD Med. Min. Max. 
B6 
16 1 0.4 1 0 1 
No data due to laboratory 
error 
20 1 0.1 1 0 1 
28 None 
41 0 0.5 0 0 1 
B7 
10 None 
18 0 0.5 0 0 1 
21 0 0.2 0 0 1 
30 None 
B8 
2 1 0.7 1 0 3 
7 None 
24 None 
32 0 0.5 0 0 2 
B9 
5 None 
14 None 
21 0 0.4 0 0 1 
33 1 0.2 1 0 1 
B10 
3 1 0.5 1 0 1 
12 None 
28 0 0.4 0 0 1 
39 None 
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School 
Code 
Classroom 
No. 
CO2 (ppm) Temperature (°C) Relative Humidity (%) 
Mean SD Med. Min. Max. Mean SD Med. Min. Max. Mean SD Med. Min. Max. 
G1 
104 1059 452 879 505 2062 68.3 1.4 67.8 64.8 70.9 47 3.8 46.3 41.2 56.2 
108 1826 575 1908 537 2805 74.5 2.7 73.6 71 86.5 46.1 5.6 48.3 35.3 69.4 
202 1264 479 1156 405 2533 69 4.1 69 60.8 79.2 53 5 53.6 41.4 60.8 
309 2052 575 1908 583 3221 67.9 2.7 73.6 62.6 75.3 51.4 5.6 48.3 42.1 55.4 
G2 
101 666 299 522 426 1575 71.7 4.2 73.5 57.2 75.9 31.2 11.6 24.6 20.7 89.3 
205 790 262 713 436 1428 69.1 4.4 71.5 51.6 73 40.9 9.6 36.4 30.1 88.2 
312 1123 352 1203 415 1582 72.3 1.6 72.3 58.6 74.9 26.7 3.1 26.7 21.4 57.6 
408 2356 1086 2588 599 4172 69.4 2.8 70.1 53.3 72.8 43.1 3.6 43.9 38.6 73.8 
G3 
106 1155 218 1144 474 1468 76.2 1 76.6 69.8 77.3 38.3 1.7 38.4 35.9 55 
200 1286 346 1426 430 1738 75 0.9 75.2 70.4 76.2 41.2 2.4 41.3 35.4 46.7 
305 1459 439 1517 451 2308 71.9 0.7 71.9 69 73.3 43.5 1.9 43.9 39.1 47 
P10* 1438 576 1517 395 2335 65.2 1.6 65.5 62.6 67.7 47.4 2 48.3 40.7 49 
G4 
3 874 256 915 385 1436 72.6 1.34 73.1 69 75 57.7 2.03 57.9 52.1 69.3 
14 658 129.3 681 424 888 71.9 1.2 71.7 68.5 74.2 61 4.6 62.6 45.5 69.8 
24 824 197 840 418 1297 74 1.2 74.2 68.5 76 63.1 3.2 64.1 51.5 72 
35 635 100 663 434 799 76.8 1.2 76.9 70.5 78.5 59.2 4.8 60.2 43.3 74.7 
G5 
109 890 173 884 424 1137 74.9 1.4 75.3 68.6 76.3 27.5 1.4 27.2 24.9 35.1 
211 529 57 544 400 744 74.4 1.4 74.9 68.9 76 24.9 1 24.8 23.4 35.1 
308 942 159 957 377 1277 72.5 2.1 72.5 64.4 76.3 30.4 1.3 30.4 28.2 38.9 
P6 1056 522 857 406 2179 70.6 3.2 70.8 61.9 75.8 31.6 2.7 31.3 26.3 37.1 
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School 
Code 
Classroom 
No. 
CO (ppm) 
Total Mold 
spores/m3 
Viable Mold 
cfu/m3 
Mean SD Med. Min. Max. 
G1 
104 0 0.2 0 0 1 
    
108 0 0.5 0 0 1 
202 None 
309 None 
G2 
101 None 364.5 363 
205 None 
    
312 0 0.1 0 0 0 
408 0 0.1 0 0 0 776.5 235 
G3 
106 None 
    
200 0 0.3 0 0 1 
305 None 
P10* 0 0 0 0 0 
G4 
3 None 
14 0 0.3 0 0 1 
24 None 
35 1 0.2 1 0 2 
G5 
109 1 0.5 1 0 1 
211 1 0.5 1 0 2 
308 None 17.5 53.5 
P6 None 730 505 
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School 
Code 
Classroom 
No. 
CO2 (ppm) Temperature (°C) Relative Humidity (%) 
Mean SD Med. Min. Max. Mean SD Med. Min. Max. Mean SD Med. Min. Max. 
G6 
A6 1318 449 1355 480 2017 70.9 0.8 70.6 68.7 72.9 38.7 3 38.9 32.3 42.6 
B6 760 177 842 388 996 71.6 1.5 72.1 67.4 73.5 35.8 1.1 36.2 32.4 37.1 
D1 1591 546 1687 440 2492 76.6 4.3 75.6 66.2 87.1 33.2 3.9 32.8 25.6 40.1 
E7 613 92 637 404 762 72.6 1.1 72.9 66.9 74.3 32.4 0.5 32.4 31.6 37.4 
G7 
102 736 79 732 513 1008 73.5 1.9 74.1 65.5 76.3 33 1.6 32.8 31.2 46.2 
201 971 216 953 481 1410 69.3 1.8 69.8 54.8 70.8 38.3 2.7 38.1 35.2 63.8 
401 1111 285 1099 453 1525 69.2 2.7 70.4 51.5 71.8 34.1 3.2 33.7 31.7 66.9 
504 1390 249 1430 608 1862 73.2 0.8 73.2 66.1 74.1 32 1.5 31.6 29.1 42.3 
G8 
3 705 93 694 544 959 69.7 1.5 70 66.3 72 45.5 2.3 44.9 42.1 51.3 
11 857 134 900 507 1077 68.9 0.8 69.2 66.6 70 51.9 1.2 52 49.3 54.3 
13 888 200 890 512 1267 67.9 1 68.1 65.4 69.4 52.3 1.6 52.3 47.1 56.2 
14 872 204 895 476 1326 70.7 1.6 70.1 68.7 76.6 47.1 2.6 47.9 38.5 51 
G9 
4A 847 293 783 464 1518 71 6.6 71.9 55.2 81.1 34.3 4.9 35.8 25.9 48.5 
101 1011 411 1041 435 2044 72.9 5.8 76.3 64.5 79.8 44.7 5.2 43.4 34.8 53.5 
304 680 75 699 509 839 69.5 2.3 68.9 55.1 72.5 33.8 3.4 32.8 30.4 66.9 
508 810 155 873 490 1219 76.8 1.9 77.2 67.1 79.4 26.2 2.3 25.8 22.7 39 
G10 
103 2803 702 2758 1449 4144 72.9 1.7 73.1 61 75.1 49.4 2.4 48.7 46.3 71.9 
109 1637 466 1540 668 2480 72.6 2.1 72.7 61.5 75 45.2 2.6 44.9 40.4 66.9 
211 1817 487 1916 564 2483 67.3 0.9 67.5 59.7 68.5 48.1 2.6 48 43.3 68.4 
P4 2862 855 3048 732 3930 74.8 2.5 75.4 59.9 77.9 46.3 2.8 46.4 42.2 78.7 
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School 
Code 
Classroom 
No. 
CO (ppm) Total Mold 
spores/m3 
Viable Mold 
cfu/m3 Mean SD Med. Min. Max. 
G6 
A6 1 0.3 1 0 1 
    
B6 None 
D1 0 0.5 0 0 1 
E7 None 
G7 
102 None 
201 1 0.7 1 0 2 
401 0 0.5 0 0 1 400.5 478.5 
504 None 233.5 177 
G8 
3 None 
    
11 None 
13 0 0 0 0 0 1040.5 491.5 
14 0 0 0 0 0     
G9 
4A None 157.5 305.5 
101 0 0.1 0 0 1 
    
304 None 
508 0 0.5 0 0 2 234 478.5 
G10 
103 None 
    
109 0 0 0 0 1 
211 None 
P4 1 0.5 1 0 1 
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School 
Code 
Classroom 
No. 
CO2 (ppm) Temperature (°C) Relative Humidity (%) 
Mean SD Med. Min. Max. Mean SD Med. Min. Max. Mean SD Med. Min. Max. 
G11 
2 1119 201 1164 478 1609 74 2 74.3 55.6 75.3 40.5 3.9 39.7 37.6 85.5 
14 1136 155 1199 571 1333 74.9 0.7 75.1 70.7 75.6 41.9 1.3 41.8 39 45.1 
26 2014 522 2143 706 2743 71 1.7 71.1 60.1 73.4 39.8 2.2 39.7 36.4 59.8 
44 1696 355 1803 727 2316 68.6 3.5 69.3 57.7 75 51.2 4.2 51.2 43 75 
G12 
M2 1902 548 1739 893 3134 72.5 3.4 72.1 59.6 77 46.3 3.4 44.9 41.5 64.1 
104 1307 340 1210 571 2051 69.9 2.1 70.3 59.8 72.6 50.9 2.7 51 45.5 76.6 
394 1577 542 1735 511 2520 70.1 2.7 70.4 57.2 73.4 54.3 3.3 53.9 48.1 87.4 
1690 2508 372 1734 863 2508 70.5 1.8 70.4 64.1 73.8 46.3 3.7 45.1 41.6 75.1 
G13 
108 1398 433 1481 492 2155 71.3 2.4 70.8 65 74.5 31.7 1.6 31.8 27.7 34.6 
201 1695 458 1828 486 2339 72.6 1 72.5 69.7 75.5 29.7 1.6 30 26.3 33 
308 2015 607 1961 482 3129 73.5 0.9 73.3 68.5 76.2 30.4 2.8 30.1 25 35.2 
403 1646 465 1578 478 2618 72 1.3 72.2 68.6 75 39.6 2.1 39.7 34.2 43.9 
G14 
103 593 113 603 415 906 74.8 1.6 74.7 67.2 77.6 25.8 2.2 25.5 22.6 37.4 
116 627 82 663 403 776 75.8 1 76 69.4 76.9 28.5 2.1 28.1 26.1 40.8 
203 1226 329 1168 495 2157 73 1.5 73.1 67.5 75.2 34.3 1.5 33.9 31 38 
P14 1192 433 1353 383 1854 75.8 2.4 76 66.9 79.5 28.6 2.7 29.5 22.7 37.6 
G15 
105 1652 381 1701 400 2271 72.3 1.8 72.7 64 74.1 37.6 1.5 37 34.9 42.3 
205 999 239 1011 377 1417 68.4 2 68.6 58.2 72 37.6 2.6 37.8 33.9 71.4 
303 1577 683 1643 307 2728 69.9 2.6 70.3 59.7 73.6 40.5 1.4 40.9 36.2 47.5 
406 713 251 679 341 1236 70 2.1 70.2 56.7 73.1 37.6 4.3 37 30.8 74.5 
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School 
Code 
Classroom 
No. 
CO (ppm) Total Mold 
spores/m3 
Viable Mold 
cfu/m3 
Mean SD Med. Min. Max. 
G11 
2 0 0.5 0 0 1 
    
14 None 
26 0 0.5 0 0 2 
44 None 
G12 
M2 None 
104 1 0.7 1.5 0 2 
394 2 1 2 0 3 
1690 None 
G13 
108 0 0.5 0 0 1 
201 None 
308 0 0 0 0 0 
403 None 
G14 
103 None 
116 1 0.1 1 0 1 
203 None 
P14 0 0 0 0 0 
G15 
105 0 0.1 0 0 1 
205 None 180.5 257.5 
303 0 0 0 0 0 421 465 
406 None     
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School 
Code 
Classroom 
No. 
CO2 (ppm) Temperature (°C) Relative Humidity (%) 
Mean SD Med. Min. Max. Mean SD Med. Min. Max. Mean SD Med. Min. Max. 
G16 
102 1436 292 1457 485 2002 74.8 3.6 75.1 61.3 79.9 43.8 3.2 43.7 37 57.2 
206 1248 455 1125 397 2145 71.7 2.8 70.8 61.8 79.5 42 2.8 43.1 34.7 56.7 
302 1180 385 1256 395 1828 63.8 1.8 64.2 56.5 66.3 55.5 3.5 55.6 48.7 73 
503 2826 638 2981 1049 3639 69.9 3.3 70.5 57.4 75.3 56.5 2.8 56.7 50.6 69 
G17 
104 1076 321 1076 457 1867 72.9 3.2 71.4 65.1 80.7 35.8 1.7 36 31.3 45.8 
208 2337 883 2555 421 3904 74.3 2.8 74.6 57.2 77.8 52.5 5 52.4 45.4 95 
303 1740 614 1794 390 2730 65.5 2 65.6 55.6 69 51.6 5.6 54.1 39.2 71.4 
412 1087 255 1069 665 1748 74.5 1.1 74.6 68.7 77.4 32.9 1.4 32.9 29.6 40.8 
G18 
2A Unit turned off by student after 16 minutes 
16 1812 497 1917 433 2643 69.5 2.4 70 49.1 71 52.9 5 52.3 50.3 94 
105 2345 620 2480 540 3173 69.8 2.8 69.7 53.1 74.8 52.3 3.4 52.3 48.2 91.8 
202 1250 289 1271 695 3158 72.6 3.1 72.8 51.3 78.2 39.5 4.7 39 34 87.7 
G19 
102 848 98 868 486 979 71.5 1 71.3 68.7 74.1 41 2.4 41.7 34.6 45 
207 1169 152 1192 655 1451 71.4 1.6 71.8 60.5 73.6 42 3.1 42.9 36.5 72.4 
514 2899 850 2856 747 4536 68.8 2.7 68.8 51.3 73.5 47.1 4 47.6 36.8 89.8 
603 984 164 1005 641 1251 72.2 1.8 72.6 53 73.8 43.3 5.9 43.2 38.2 94.8 
G20 
106 633 78 641 422 757 68.1 1.8 68.3 58.9 74.3 40.1 3 39.9 33.8 69.5 
116 656 100 694 412 846 73 1.5 72.8 62 75.4 35.1 2.5 34.7 32.6 59.2 
200 762 134 827 477 934 72 1.5 72.2 64.8 73.7 37.8 1.8 37.5 35.9 50.2 
211 855 152 898 527 1104 69.2 1.5 69.5 61.8 71.4 40.4 3.1 39.3 35.9 62.7 
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School 
Code 
Classroom 
No. 
CO (ppm) Total Mold 
spores/m3 
Viable Mold 
cfu/m3 Mean SD Med. Min. Max. 
G16 
102 0 0.5 0 0 1 
    
206 0 0.2 0 0 1 
302 None 
503 None 
G17 
104 None 
208 None 
303 0 0 0 0 0 1047.5 620 
412 0 0 0 0 0 
    
G18 
2A 
16 None 
105 None 
202 1 0.7 0 0 2 
G19 
102 1 0.5 1 0 1 
207 None 
514 0 0.1 0 0 0 
603 None 
G20 
106 0 0 0 0 0 
116 None 
200 0 0 0 0 0 
211 None 
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